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ABSTRACT 
 
 For many animals, rapid movements place high power demands on underlying muscles. 
Storage of muscle energy in elastic structures and the subsequent rapid release of that energy can 
effectively amplify muscle power. Elastic recoil can also confer thermal robustness to 
performance in behaviors occurring at variable temperatures. Muscle contractile performance 
tends to decrease at lower temperatures, but elastic recoil is less affected by temperature. Here I 
examine the impacts of temperature and scale in systems using elastic recoil and I explore 
possible interactive effects on movement performance. 
 I explored the role that muscle contractile properties play in the differences in 
performance and thermal robustness between elastic and non-elastic systems by examining 
muscles from two species of plethodontid salamanders with elastically powered tongue 
projection and one with non-elastic tongue projection. These salamanders use tongue projection 
to capture prey and in species with elastic mechanisms, tongue projection is characterized by 
higher mechanical power output and thermal robustness compared to tongue projection of 
closely-related genera with non-elastic mechanisms. In vitro and in situ muscle experiments 
reveal that species differ in their muscle contractile properties, but these patterns do not predict 
the performance differences between elastic and non-elastic tongue projection. Overall, 
salamander tongue muscles are like other vertebrate muscles in contractile performance and 
thermal sensitivity. I conclude that changes in the tongue-projection mechanism, specifically the 
elaboration of elastic structures, are responsible for high performance and thermal robustness in 
 ix 
species with elastic tongue projection. This suggests that the evolution of high-performance and 
thermally robust elastic-recoil mechanisms can occur via relatively simple changes to 
morphology, while muscle contractile properties remain relatively unchanged. 
 The efficacy of elastic recoil in the face of changing temperature depends on the 
mechanical work done by muscle contraction being unaffected by temperature. In vitro 
stimulation of Cuban tree frog (Osteopilus septentrionalis) plantaris muscles reveals that 
interactions between force and temperature affect the mechanical work of muscle. At low 
temperatures (9 – 17°C), muscle work depends on temperature when shortening at any force, and 
temperature effects are greater at higher forces. At warmer temperatures (13 – 21°C), muscle 
work depends on temperature when shortening with intermediate and high forces (≥ 30% peak 
isometric tetanic force). Shortening velocity is most strongly affected by temperature at low 
temperatures and high forces. Power is also most strongly affected at low temperature intervals 
but this effect is minimized at intermediate forces. Effects of temperature on muscle force 
explain these interactions; force production decreases at lower temperatures, increasing the 
challenge of moving a constant force relative to the muscle’s capacity. These results suggest that 
animal performance that requires muscles to do work with low forces relative to a muscle’s 
maximum force production will be robust to temperature changes, and this effect should be true 
whether muscle acts directly or through elastic-recoil mechanisms and whether force is 
prescribed (i.e. internal) or variable (i.e. external). Conversely, performance requiring muscles to 
shorten with relatively large forces is expected to be more sensitive to temperature changes. 
 How muscle work and power scale determines, in part, the scaling of movement 
performance. Muscle-mass-specific work is predicted to remain constant across a range of scales, 
assuming geometric similarity, while muscle-mass-specific power is expected to decrease with 
 x 
increasing scale. I tested these predictions by examining muscle morphology and contractile 
properties of plantaris muscles from frogs ranging in mass from 1.28 to 20.60 g. Scaling of 
muscle work and power was examined using both linear regression on log10-transformed data 
(LR) and non-linear regressions on untransformed data (NLR). In LR, muscle-mass-specific 
work decreased with increasing scale, but this is counteracted by a positive allometry of muscle 
mass to predict constant movement performance at all scales. These relationships were non-
significant in NLR, though scaling with geometric similarity also predicts constant jump 
performance across scales. Both intrinsic shortening velocity and muscle-mass-specific power 
were positively allometric in both types of analysis. However, these differences between 
methods are caused not by large changes in scaling slopes, but by changing levels of statistical 
significance using corrections for multiple tests. The dependence of these conclusions on the 
method of regression, largely because of the setting and adjusting of an arbitrary alpha, 
demonstrates the importance of careful consideration of statistical methods when analyzing 
patterns of scaling. Nonetheless, scale accounts for little variation in contractile properties over 
the range of scales examined, indicating that other sources of intraspecific variation may be more 
important in determining muscle performance and its effects on movement. 
 Elastic recoil used for power amplification is most often found in smaller animals, 
suggesting that performance in larger animals using less elastic recoil would be affected more by 
changing temperatures. To examine the interaction between scale and temperature on 
performance, I recorded jumps from 1-34 g Cuban tree frogs (Osteopilus septentrionalis) at 10, 
20, and 30°C and compared jump performance to predictions based on the effects of temperature 
and scaling on muscle properties. High muscle-mass-specific power requirements from measured 
jumps indicate that frogs use elastic recoil at all scales to achieve performance that would be 
 xi 
impossible using only muscle, and elastic recoil allows small frogs to achieve the same level of 
performance as large frogs. Performance that is greater at all temperatures than predictions from 
models using only muscle power could result from some combination of elastic recoil and power 
directly from muscle. The relative contributions of muscle power and elastic recoil cannot be 
discerned by examining temperature effects on performance because these effects are predicted 
to be so similar. Predicted performance from models of elastic recoil is significantly affected by 
changing temperature at all scales with temperature coefficient (Q10) values similar to predictions 
for muscle-powered jumping. Measured Q10 values are similar to those from both predictive 
models and there is no interaction between temperature and scale. Therefore, elastic recoil allows 
for jump performance that could not be achieved by muscle power alone at all temperatures and 
scales, but performance predictions from elastic recoil are not more thermally robust than 
predictions for muscle-powered jumping. 
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CHAPTER ONE: 
 
INTRODUCTION 
 
 
Elastic Recoil 
 The storage and release of energy in elastic structures can be important for increasing 
performance in animal movements important for fitness. Animals use the musculoskeletal system 
to accomplish movements for critical behaviors, including feeding, locomotion, and reproduction 
(Arnold, 1983; Darwin, 1859; Garland and Losos, 1994; Irschick et al., 2008). Movements are 
actuated by the contraction of muscles, which exert forces on bones to cause movement, while 
other connective tissues, such as tendons and ligaments, transfer forces between muscles and 
bones. Many animals also rely on the storage of energy in elastic connective tissues as a 
mechanism for increasing power output, minimizing energetic costs, or absorbing energy from 
impacts (Bennet-Clark, 1976; Roberts and Azizi, 2010; Roberts et al., 1997). 
 Elastic recoil can effectively amplify muscle power by temporally decoupling muscle 
activity from movement of the body or appendage, as seen in the extreme performance of 
jumping insects (Bennet-Clark, 1975; Bennet-Clark and Lucey, 1967; Burrows, 2003; Burrows, 
2014; Evans, 1973), frogs (Astley and Roberts, 2012; James and Wilson, 2008; Peplowski and 
Marsh, 1997; Roberts and Marsh, 2003), birds (Henry et al., 2005), and mammals (Aerts, 1998; 
Bennet-Clark, 1976), as well as the ballistic feeding of salamanders (Deban et al., 2007; Deban 
et al., 1997; Scales et al., 2016), frogs (Lappin et al., 2006), and chameleons (de Groot and van 
Leeuwen, 2004), the rapid jaw movements of trap-jaw ants (Gronenberg, 1995), and the raptorial 
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strike of mantis shrimp (Patek et al., 2004). Power is the rate at which energy is transformed 
from one form to another, and power with which muscle can transform metabolic energy into 
kinetic energy (muscle work) is physiologically limited given a set of force-length and activation 
conditions (Josephson, 1985). In a time-limited movement, muscle power can impact 
performance by determining the amount of metabolic energy transformed into kinetic energy. 
Because storage of energy in an elastic structure is temporally decoupled from movement, 
muscle contraction can store large amounts of energy regardless of muscle power (Anderson and 
Deban, 2012; de Groot and van Leeuwen, 2004; Lappin et al., 2006; Scales et al., 2017). Muscle 
can store energy at low power and the subsequent release of energy from elastic tissues can occur 
at high power, thus muscle power is said to be effectively amplified by elastic recoil. 
  
Scale   
 The scale at which an organism is functioning fundamentally impacts all aspects of its 
biology, including the function of the musculoskeletal system (Bonner, 2006; McMahon and 
Bonner, 1983; Schmidt-Nielsen, 1984). Movement performance can depend on organismal scale 
(Biewener, 1989; Emerson, 1978; Heglund et al., 1974; McMahon, 1975; Pennycuick, 1992). 
For example, jumping animals need to impart large amounts of energy to their bodies before the 
limbs leave contact with the substrate, which places a high power-demand on the muscles used 
for jumping. The energy required to move the mass of the body increases in proportion to body 
mass (M1) as animals get larger, but the duration of time over which this energy can be imparted 
to the body is proportional to the length of the limbs (M1/3) (Schmidt-Nielsen, 1984). Therefore, 
the average power required to transfer energy to the body to achieve similar movement 
performance decreases (P = W/t; so M-2/3 = M1/M1/3) as animals get larger (Schmidt-Nielsen, 
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1984). Because muscles are physiologically limited in their power output and this limit is similar 
in animals of all sizes, smaller animals are less capable of meeting the power demands of such 
movements using their muscles alone (James et al., 2007). 
 Elastic recoil can be used to overcome the constraints of scale on movement performance 
in smaller animals, allowing them to achieve performance similar to much larger animals. 
Because the storage and release of elastic energy can effectively amplify muscle power, many 
small animals use elastic recoil to achieve movement performance similar to larger animals 
(James et al., 2007). For example, jumping insects (Bennet-Clark, 1975; Bennet-Clark and 
Lucey, 1967; Burrows, 2003; Burrows, 2014; Evans, 1973), frogs (Astley and Roberts, 2012; 
James and Wilson, 2008; Peplowski and Marsh, 1997; Roberts and Marsh, 2003), birds (Henry et 
al., 2005), and mammals (Aerts, 1998; Bennet-Clark, 1976) that show evidence of power 
amplification are often of a small body size, while evidence of power amplification in larger 
species is lacking. Larger animals, with longer durations of movement, presumably do not need 
elastic recoil for power amplification to release large amount of energy from their muscle during 
jumping (James et al., 2007; Schmidt-Nielsen, 1984). 
 
Temperature 
 Temperature has dramatic effects on movement performance through effects on muscle 
contraction (Bennett, 1990; James, 2013). Like scale, temperature affects all aspects of an 
organism’s biology, including musculoskeletal function (Angilletta, 2009). Muscle contraction is 
a metabolically active process and at lower muscle temperatures the interactions between actin 
and myosin, the basic contractile machinery of a muscle fiber, occur at lower rate. The resulting 
decreases in muscle contractile velocity (Coughlin et al., 1996; Hill, 1938; Johnston and 
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Gleeson, 1984), and thus power (Herrel et al., 2007; James et al., 2012; Ranatunga, 1998; 
Renaud and Stevens, 1984; Swoap et al., 1993), can impact movement performance in 
ecologically relevant ways (Bennett, 1990; Herrel et al., 2007). For example, performance during 
swimming (John-Alder, 1989; Miller, 1982) and jumping (Hirano and Rome, 1984; Knowles and 
Weigl, 1990; Londos and Brooks, 1988; Putnam and Bennett, 1981; Whitehead et al., 1989) is 
significantly decreased at lower temperatures in anurans. 
 Elastic recoil can be used to circumvent temperature effects on muscle contractile 
properties and maintain movement performance at lower temperatures, as seen in the feeding 
mechanisms of frogs, toads, salamanders, and chameleons (Anderson and Deban, 2010; 
Anderson et al., 2014; Deban and Lappin, 2011; Deban and Richardson, 2011; Deban and 
Scales, 2016; Sandusky and Deban, 2012; Scales et al., 2017; Scales et al., 2016). Temperature 
strongly influences muscle contractile velocity and power (Coughlin et al., 1996; Hill, 1938; 
Johnston and Gleeson, 1984) (Herrel et al., 2007; James et al., 2012; Ranatunga, 1998; Renaud 
and Stevens, 1984; Swoap et al., 1993), but movement performance using elastic recoil does not 
depend on muscle power. Because temperature effects on muscle force production are somewhat 
weaker (James et al., 2012; Rall and Woledge, 1990), the amount of energy stored in elastic 
structures is less affected by temperature, provided that the work done by muscle does not 
depend on temperature. 
 
Goals 
 The goal of this dissertation is to investigate the relationships between muscle contractile 
properties, temperature, scale, and movement performance in systems using elastic recoil. 
Specifically, this work will examine possible interactions or constraints arising from the use of 
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elastic recoil for overcoming these two distinct challenges: scale and temperature. Chapters Two 
and Three will establish the relationships between temperature and muscle contractile properties 
in two different animal systems that use elastic recoil to accomplish movement. Chapter Four 
will examine the effects of scale on muscle contractile properties. Chapter Five will explore the 
interaction between the benefits of elastic recoil for overcoming constraints of temperature and 
scale by comparing in vivo movement performance with predictions derived from the preceding 
chapters. Finally, Chapter Six will integrate the findings of all chapters and explore the impacts 
of these two fundamental variables, scale and temperature, on the function of elastic-recoil 
systems. 
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CHAPTER TWO: 
 
MOVEMENTS OF VASTLY DIFFERENT PERFORMANCE HAVE SIMILAR 
 
UNDERLYING MUSCLE PHYSIOLOGY 
 
 
Abstract 
 Many animals use elastic-recoil mechanisms to power extreme movements, achieving 
levels of performance that would not be possible using muscle power alone. Contractile 
performance of vertebrate muscle depends strongly on temperature, but the release of energy 
from elastic structures is far less thermally dependent, thus elastic recoil confers thermal 
robustness to whole-animal performance. Here we explore the role that muscle contractile 
properties play in the differences in performance and thermal robustness between elastic and 
non-elastic systems by examining muscle from two species of plethodontid salamanders with 
elastically powered tongue projection and one with non-elastic tongue projection. These 
salamanders use tongue projection to capture prey and in species with elastic mechanisms, 
tongue projection is characterized by higher mechanical power output and thermal robustness 
compared to tongue projection of closely-related genera with non-elastic mechanisms. In vitro 
and in situ muscle experiments reveal that species differ in their muscle contractile properties, 
but these patterns do not predict the performance differences between elastic and non-elastic 
tongue projection. Overall, salamander tongue muscles are similar to other vertebrate muscles in 
contractile performance and thermal sensitivity. We conclude that changes in the tongue-
projection mechanism, specifically the elaboration of elastic structures, are responsible for high 
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performance and thermal robustness in species with elastic tongue projection. This suggests that 
the evolution of high-performance and thermally robust elastic-recoil mechanisms can occur via 
relatively simple changes to morphology, while muscle contractile properties remain relatively 
unchanged. 
 
Introduction 
 Movements powered by elastic recoil rely on the storage of muscle work as energy in 
stretched elastic structures prior to the initiation of movement (Alexander and Bennet-Clark, 
1977; Deban et al., 2007; Roberts and Azizi, 2011). Muscle power can be effectively amplified 
when muscles do work at relatively low power to stretch an elastic structure. The energy is 
subsequently released at a relatively high power when the elastic structure recoils (Alexander 
and Bennet-Clark, 1977; Roberts and Azizi, 2011) and this recoil is not expected to change 
substantially with temperature (Alexander, 1966; Denny and Miller, 2006; Rigby et al., 1959). 
Because of this temporal decoupling of movement from muscle contraction, muscle properties 
such as rates of force development and contractile velocity, and thus the effects of temperature 
on these properties (reviewed in: Bennett, 1984; James, 2013), are not expected to influence 
performance directly. Therefore, elastic recoil can allow animals to achieve levels of 
performance that would be impossible using muscle alone and can also allow them to maintain 
high performance at varying temperatures.  
 Many animal behaviors take advantage of elastic recoil to achieve high-performance 
movements (Higham and Irschick, 2013; Patek et al., 2011; Roberts and Azizi, 2011). For 
example, elastically-powered jumping in bushbabies is characterized by power output 15 times 
greater than what could be achieved by muscle (Aerts, 1998) and trap-jaw ants can close their 
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jaws at speeds up to 64 ms-1 for prey capture, defense, and even to propel the body (Patek et al., 
2006). Elastic recoil is thought to explain not only high performance, but also thermal robustness 
in the feeding mechanisms of several groups of ectothermic vertebrates. In these species, high-
performance tongue projection exceeds what is possible from muscle power. Required muscle-
mass-specific power output in these species with elastic recoil reaches 9600 W kg-1 in toads 
(Lappin et al., 2006), 14,000 W kg-1 in chameleons (Anderson, 2016; de Groot and van 
Leeuwen, 2004), and 18,000 W kg-1 in salamanders (de Groot and van Leeuwen, 2004; Deban et 
al., 2007; Lappin et al., 2006). Tongue projection in these animals is more robust to changes in 
temperature than would be expected based on the properties of vertebrate muscle, with 
temperature coefficients (Q10 values) of tongue-projection velocity, acceleration, and power of 
only 1.1-1.3 in chameleons (Anderson and Deban, 2010), 0.99-1.25 in toads (Deban and Lappin, 
2011), and 0.94-1.04 in salamanders (Anderson and Deban, 2010; Anderson and Deban, 2012; 
Anderson et al., 2014; Deban and Lappin, 2011; Deban and Richardson, 2011; Deban and 
Scales, 2016; Scales et al., 2016).  
 Elastic-recoil mechanisms can substantially change performance and thermal robustness 
by temporally decoupling movements from muscle contraction; however it is unclear if 
underlying muscle contractile properties differ between elastic and non-elastic systems. Here we 
examine three hypothetical patterns of muscle properties in elastic versus non-elastic systems: 
(Hypothesis 1) Muscle contractile properties could contribute to differences in performance and 
thermal robustness between elastic and non-elastic systems. In this case, we expect muscle in 
elastic systems to reach higher forces more rapidly during contraction compared to non-elastic 
systems; we also expect temperature to have a reduced effect on force and rates of force 
generation in species with elastic tongue projection versus species with non-elastic tongue 
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projection; (Hypothesis 2) Elastic recoil may solely determine performance and thermal 
robustness in elastic systems. In this case we expect that muscle properties are similar in all 
elastic and non-elastic systems; (Hypothesis 3) Elastic recoil solely determines performance and 
thermal robustness in elastic systems, but relaxed selection on muscle contraction rates in elastic 
systems may have resulted in lower rates of force generation and possibly greater thermal 
sensitivity in those muscles compared to the non-elastic systems.  
 Salamanders in the family Plethodontidae are a useful system for examining the role of 
muscle contractile properties in high-performance elastic-recoil systems, because several species 
have independently evolved high-performance elastically-powered tongue projection. The 
tongue is projected up to 80% of body length with accelerations up to 600 G and projection 
performance is robust to changing temperatures, in contrast to the short-distance and thermally 
dependent projection of species with non-elastic tongue projection in the same family (Anderson 
et al., 2014; Deban et al., 2007; Deban and Richardson, 2011; Deban and Scales, 2016; Scales et 
al., 2016). Here we examine whether isometric muscle contractile properties and the temperature 
effects on these muscle properties differ between elastic and non-elastic systems. We compare 
contractile properties from the tongue projector and retractor muscles of two species with elastic 
tongue projection, Ensatina eschscholtzii and Eurycea guttolineata, and one species with non-
elastic tongue projection, Desmognathus quadramaculatus, at a range of temperatures.  
  
Materials and Methods 
 Data for Eurycea guttolineata were raw values used in Anderson et al., 2014. Similar 
methods were used to collect muscle contractile data from doubly pithed Ensatina eschscholtzii 
and Desmognathus quadramaculatus. The muscles and skeletal elements of the tongue are used 
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for prey capture in plethodontid salamanders and have been described in detail elsewhere (see: 
Lombard and Wake, 1977; Wake and Deban, 2000). Briefly, the tongue skeleton of these 
salamanders includes paired, elongated epibranchial cartilages. The cylindrical paired 
subarcualis rectus (SAR) muscles surround the epibranchials posteriorly. The anterior ends of the 
epibranchials articulate with paired ceratobranchials, which are attached anteriorly to the 
unpaired basibranchial bearing the tongue pad. Contraction of the SAR (i.e., projector) muscles 
pushes the epibranchials rostrally, projecting the entire tongue skeleton and tongue pad. Tongue 
retraction is achieved through contraction of paired rectus cervicis profundus (RCP) muscles that 
originate on the pelvis and insert in the tongue pad. 
 
Retractor muscles 
We dissected retractor (RCP) muscles from five E. eschscholtzii  (body mass = 6.3 – 10.4 g) and 
eight D. quadramaculatus (body mass = 7.4 – 10.2 g). Prior to excision, the tongue was extended 
to maximum-projection distance by suspending the body mass of the individual by the tongue, 
which lengthened the RCP muscle to a position approximating the start of tongue retraction 
following maximal projection in vivo. The entire RCP muscle was then removed and a section 
approximately 30% of the length of an individual RCP muscle in the mid-abdominal region was 
tied off with Kevlar thread (The Thread Exchange, Weaverville, NC, USA). The length of this 
section under the condition of full tongue extension was then measured using digital calipers 
(±0.1 mm accuracy; Mitutoyo 700-126, Kawasaki-shi, Kanagawa, Japan), excised from the RCP 
muscle, and attached to a dual servomotor force lever (Model 305C-LR, Aurora Scientific, 
Aurora, ON, Canada). The muscle was stimulated using a bipolar pulse stimulator (Model 701B, 
Aurora Scientific) controlled by a custom instrument in LabVIEW software (v9.0, National 
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Instruments, Austin, TX, USA). The muscles were positioned between platinum-coated 
electrodes and submerged in a tissue–organ bath (Model 805A, Aurora Scientific) filled with 
oxygenated amphibian Ringer’s solution (Fischmeister and Hartzell, 1987). Temperature of the 
Ringer’s solution was controlled using a temperature-controlled water circulator (IsoTemp 
1013S, Fisher Scientific, Waltham, MA, USA). 
 Prior to stimulation, the section of RCP muscle was stretched to its in situ extended 
length using a micropositioner. Each muscle was allowed to rest in the muscle bath for 20 
minutes before contractile data were collected. Muscles were stimulated with 1 ms pulses at 10 V 
with a frequency ranging from 100 to 140 pulses s-1 to result in tetanic contraction for a duration 
of 300 to 400 ms. The muscles rested for five minutes between each stimulation to avoid acute 
effects of fatigue. Forces from isometric contractions were recorded for each muscle at several 
temperatures in either of the following sequences: 25-20-15-10-5-10-15-20-25°C or 5-10-15-20-
25-20-15-10-5°C. Two contractions were recorded at each temperature except the middle 5 or 
25°C at which four contractions were measured to balance the dataset. This balanced sequence 
was chosen to eliminate the long-term effects of fatigue on the muscle across the entire 
experiment. By including both the initial and final measurements from each temperature, the 
effect of fatigue at each temperature is the same on average for muscles with complete series. If 
the attachment of the muscle to the lever failed before a complete series had been collected, the 
contralateral RCP muscle from the same individual was used to record contractions from the 
complementary sequence of increasing or decreasing temperatures. For some D. 
quadramaculatus RCP muscles, contractions at 25°C were unreliable, so contractions were 
recorded starting at 20°C to verify proper muscle function before proceeding through the 
temperature sequence. 
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Projector muscles 
 An in situ preparation was used to measure contractions from projector (SAR) muscles in 
six E. eschscholtzii  (body mass = 5.0 – 10.4 g) and six D. quadramaculatus (body mass = 7.4 – 
9.9 g). After retractor muscles were removed and the tongue was positioned at rest inside the 
mouth, a small, silver chain was attached to the paired ceratobranchials using two bespoke metal 
hooks fashioned from insect pins through an incision in intermandibular skin and superficial 
muscles. A patch electrode was inserted subcutaneously over each of the paired SAR muscles to 
stimulate bilateral contraction. The salamander was secured in position in the muscle bath by 
tying its jaws to the bottom of the bath with Kevlar thread. The chain connected to the 
ceratobranchials was attached to the muscle lever so that stimulation of the SAR muscles 
resulted in the tongue skeleton being pushed forward, putting tension on the chain, which 
registered on the muscle lever (Anderson et al., 2014). 
  The SAR muscles were stimulated using 1 ms pulses at 20 V with frequencies ranging 
from 100 to 120 pulses s-1 to result in tetanic contractions for a stimulus duration of 300 ms. The 
muscles rested for five minutes between stimulations and two contractions were measured at 
each temperature starting at 15 C and following either an increasing (5-10-20-25-15°C) or 
decreasing (25-20-10-5-15°C) sequence. By including data from an equal number of individuals 
with increasing and decreasing temperature sequences, the effects of long-term fatigue are the 
same on average.  
 
Analyses 
All analyses were completed using custom scripts in R (R Core Team, 2013; www.r-project.org). 
For all muscle contractions, passive tension on the system was subtracted from total force 
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measurements before analyses. Electromechanical delay was calculated as the elapsed time from 
the start of stimulation to the time at which force rose for six consecutive milliseconds. For each 
RCP muscle contraction, peak isometric force (P0) was determined to be the maximum force 
reached during the contraction. Because P0 for E. guttolineata RCP muscles was measured using 
two lengths of the muscle in parallel (Anderson et al, 2014), the values of P0 were doubled for E. 
eschscholtzii and D. quadramaculatus to allow for comparison. The peak force measured from 
the SAR muscles is referred to as projection force, Fproj, because it is not a direct measurement of 
the P0 of those muscles. The average and peak rate of force generation to 50 and 90% Fproj was 
determined from the first time derivative of force using a quintic spline using the pspline 
package in R. The peak and average rates of muscle relaxation were measured from the end of 
stimulation to the time at which the force declined to 50% Fproj. For the RCP muscle, specific 
tension of the muscle was calculated by dividing the average cross-sectional area of the muscle 
using the formula (muscle mass/(1.06 g cm-3*muscle length) (Pasi and Carrier, 2003). 
 We used analysis of covariance with temperature as a continuous variable, species as a 
categorical variable, and individual as a random factor to examine the interactive effects of 
species and temperature on contractile variables. Separate analyses were performed for the total 
5-25°C temperature range and for three overlapping temperature intervals: 5-15, 10-20, and 15-
25°C. Because the relationship between the variables of interest and temperature is expected to 
be exponential, all dependent variables were log10 transformed prior to analyses. When the 
interaction between species and temperature was significant, similar analyses were conducted for 
each pair of species to determine significant pairwise comparisons. Separate analyses for each 
species including temperature as a continuous variable and individual as a random factor were 
conducted for the total temperature range and for each temperature interval. The partial 
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regression coefficients for temperature from these analyses were used to calculate the 
temperature coefficient (Q10) with the following equation: Q10 = 10^(partial regression 
coefficient*10) (Deban and Lappin, 2011). Temperature coefficients were considered 
significantly different from 1.0 if the p-value of the regression coefficient was less than α = 0.05. 
Significance values were adjusted using the Benjamini-Hochberg procedure to control false 
discovery rate (Benjamini and Hochberg, 1995). To examine interspecific differences at each 
experimental temperature, regression analyses including species as a fixed factor and individual 
as a random factor were conducted for each un-transformed variable. When the species term was 
significant, similar analyses were conducted including each pair of species to determine 
significant pairwise comparison. A Bejamini-Hochberg procedure controlled false discovery 
rate. 
 
Results 
 Muscle force followed an expected trajectory through time at most temperatures for both 
muscles in all species. After an initial electromechanical delay following stimulation, force 
increased until it reached a plateau where it remained until stimulation ended. For D. 
quadramaculatus muscle at 20 and 25°C, muscle force sometimes reached an early “shoulder” 
where the rate of force development suddenly dropped, after which force rose slowly over time. 
In some cases of RCP muscle contraction for all species at 20 and 25°C, force dropped after 
reaching a peak value even though stimulation continued. 
 The electromechanical delay between the onset of stimulation and the start of force 
generation significantly decreased with increasing temperature across nearly all temperature 
intervals and the complete temperature range for all species in both the SAR and RCP muscles 
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(Fig. 2.1A,B). However, the effect of temperature on the electrochemical delay of the RCP 
muscle in E. eschscholtzii was not significant at the 15 – 25°C interval (Fig. 2.1B). The Q10 
values for electromechanical delay in E. eschscholtzii were significantly lower than the other two 
species for both the SAR (Table 2.1) and RCP (Table 2.2) muscles at most temperature intervals. 
Additionally, electromechanical delay of the SAR and RCP muscles were significantly longer for 
E. eschscholtzii compared to the other species at 15°C (Table 2.3). 
 The peak force of the SAR muscle, Fproj, was significantly affected by temperature in all 
species, but the effects in E. guttolineata were more similar to D. quadramaculatus than to E. 
eschscholtzii, the other species with elastic tongue projection (Fig. 2.1C, Table 2.1). In general 
Fproj in E. eschscholtzii decreased with increasing temperature while Fproj in D. quadramaculatus 
and E. guttolineata increased with increasing temperature (Fig. 2.1C). Despite differing 
temperature effects, values of Fproj were not significant different among all three species at all 
temperatures (Fig. 2.1C).  
 Peak forces for the RCP muscle were significantly lower for E. guttolineata compared to 
the other species (Table 2.4) and temperature effects were significantly different between species 
at the 5-15 and 15-25°C intervals (Table 2.2). The P0 of E. eschscholtzii increased significantly 
with increasing temperature across the 5-15°C interval and decreased significantly with 
increasing temperature across the 15-25°C interval (Fig. 2.1D). The P0 of D. quadramaculatus 
increased significantly with increasing temperature over the 5-25°C range and the 5-15 and 10-
20°C intervals, but this change was relatively small (Fig. 2.1D). For E. guttolineata, P0 increased 
significantly with increasing temperature for the 5-25°C range and the 5-15 and 10-20°C 
intervals. 
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 Values and temperature effects of specific tension of the RCP were significantly different 
for E. guttolineata compared to the other two species (Fig. 2.1E). Specific tension was 
significantly higher for E. guttolineata than E. eschscholtzii and D. quadramaculatus at 15 and 
20°C (Table 2.4). Specific tension increased significantly with increasing temperature over the 5-
25°C, 5-15, and 10-20°C intervals in E. guttolineata, but only increased signficantly with 
temperature over the 5-15°C interval in E. eschscholtzii and D. quadramaculatus (Fig. 2.1E), 
 Rates of force development and temperature effects on these rates were similar for both 
muscles among all three species at different temperatures ranges (Fig. 2.2, Table 2.3, Table 2.4). 
Both the peak and average rates of force development measured to 50% P0 (or Fproj) increased 
significantly with increasing temperature for both muscles in all species at most temperature 
intervals (Fig. 2.2A,B,C,D). The only exception was the RCP muscle in E. eschscholtzii; both 
peak and average rates of force development did not change significantly with temperature at the 
15-25°C interval (Fig. 2.1B,D).  
 Species differed in the effect of temperature on peak and average rate of force 
development for SAR muscle, with significantly lower Q10 values for E. eschscholtzii at most 
temperature intervals (Table 2.1). For the RCP muscle, Q10 values were significantly different 
between species at most temperature intervals, but this followed no clear pattern (Fig. 2.2, Table 
2.2). The time to reach 50% of P0 (Fproj) decreased significantly with increasing temperature for 
both muscles in all species at all temperature intervals (Fig. 2.1E,F). Time to reach 50% of peak 
force was significantly shorter in E. guttolineata at 5, 15, and 20°C for the SAR muscle (Table 
2.3) and 5, 10, 15, and 20°C for the RCP muscle (Table 2.4).  
 Average rates of force development to 90% P0 (Fproj) showed similar patterns to those 
when calculated to 50% P0 with the exception of D. quadramaculatus (Fig. 2.3A,B). For D. 
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quadramaculatus, the average rate of force development to 90% P0 decreased significantly with 
increasing temperature at the 15-25°C interval for both the SAR and RCP muscles (Fig. 2.3A,B) 
and likewise the time taken to reach 90% P0 increased significantly with increasing temperature 
for this species at that interval (Fig. 2.3C,D). This resulted in a non-significant temperature effect 
for both rate of force development and time to 90% P0 across the total 5-25°C range for D. 
quadramaculatus RCP muscle (Fig. 2.3B,D). Peak rates of force development to 90% of P0 (or 
Fproj) were identical to those calculated to 50% P0 because peak rate occurred early in force 
development. 
 Rates of relaxation following stimulation were similar for both muscles in all three 
species (Fig. 2.4A,B) but species differed significantly in the temperature effects on rates of 
relaxation for both muscles at all temperatures, with E. eschscholtzii having lower Q10 values in 
most cases (Table 2.1, Table 2.2). For SAR muscles, the peak rate of relaxation increased 
significantly with increasing temperature for all three species at all temperature intervals except 
for E. eschscholtzii at the 15-25°C interval (Fig. 2.4A). The average rate of relaxation for the 
SAR muscle increased significantly with increasing temperature for all species at all temperature 
intervals (Fig. 2.4C). Peak rate of relaxation of the RCP muscle increased significantly with 
increasing temperature over the entire temperature range (5-25°C) and the 5-15°C interval in E. 
eschscholtzii. For D. quadramaculatus, peak rate of relaxation of the RCP increased significantly 
with increasing temperature for all intervals except 15-25°C. Peak rate of relaxation of the RCP 
increased significantly with increasing temperature for all temperature intervals for E. 
guttolineata (Fig. 2.4B). The average rate of relaxation of the RCP muscle increased 
significantly with increasing temperature at all intervals for all species except 15-25°C in E. 
eschscholtzii (Fig. 2.4D).  
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 For the SAR muscle, D. quadramaculatus had a significantly longer relaxation time to 
reach 50% Fproj compared to the other species, but only at 5°C. The relaxation time to 50% P0 
(Fproj) decreased significantly with increasing temperature for both muscles for all species at all 
temperature intervals (Fig. 2.4E,F). Species differed significantly in the relaxation time to 50% 
P0 for the RCP muscle at all temperature with D. quadramaculatus tending to be higher than the 
other two species at most temperatures and E. guttolineata tending to be lower than the other two 
species at most temperatures (Table 2.4).  
 
Discussion 
 Plethodontid salamanders with elastic tongue projection, such as species of the genera 
Ensatina and Eurycea, have higher velocities, accelerations, and power during feeding that are 
robust to changing temperature compared to species with non-elastic tongue projection, such as 
those of the genus Desmognathus (Anderson et al., 2014; Scales et al., 2016). Even with the use 
of elastic-recoil mechanisms, these performance differences might be expected to result from the 
projector muscles (SAR) of species with elastic tongue projection reaching higher forces more 
rapidly during activation than those of species with non-elastic tongue projection while also 
being less affected by changing temperature (Hypothesis 1). Alternatively, relaxed selection may 
be expected to lead to decreased muscle contractile rates in species with elastic tongue projection 
(Hypothesis 3). Contrary to these hypotheses however, several lines of evidence below suggest 
that muscle contractile properties are unrelated to the presence or absence of elastic recoil 
(Hypothesis 2). 
 Despite differences in both performance and thermal robustness between elastic and non-
elastic tongue projection (Anderson et al., 2014; Deban and Scales, 2016; Scales et al., 2016), the 
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thermal dependence of rates of force development and relaxation in both the SAR and RCP 
muscles are similar to those in other vertebrates (reviewed in: Bennett, 1984; James, 2013). 
Similar to other vertebrate muscle, the highest Q10 values of isometric force production at any 
temperature in the tongue muscles of Desmognathus (SAR: 1.10; RCP: 1.47) and Eurycea (SAR: 
1.22; RCP: 1.35) are small compared to Q10 values for rate properties like maximum shortening 
velocity (1.5-4.2), and power output (1.37-6.86) (Bennett, 1984; Coughlin et al., 1996; De Ruiter 
and De Haan, 2000; James, 2013; Johnston and Altringham, 1985; Johnston and Gleeson, 1984; 
Johnston and Gleeson, 1987; Olberding and Deban, 2017; Ranatunga, 1982; Ranatunga, 1998; 
Renaud and Stevens, 1984; Rome and Sosnicki, 1990). For Ensatina, isometric force production 
decreases with increasing temperature at all temperature ranges for the SAR muscle, a pattern 
which is not found in the other genera. For the Ensatina RCP muscle, isometric force is highest 
at 15°C (Fig. 2.1). This decrease in force at warmer temperatures may indicate that muscles in 
Ensatina are adapted for functioning at colder temperatures compared to the other genera.  Other 
than the possible adaptation to different thermal optima, the tongue muscles in these three 
species function similarly to other vertebrate muscle and show no obvious modifications that 
could produce the documented thermal robustness of tongue-projection performance without the 
contribution of elastic recoil. 
 The species examined differ in some contractile properties of the SAR muscle both in 
terms of performance and thermal robustness; however these patterns are not consistent with 
tongue projection performance differences in genera with elastic versus non-elastic tongue 
projection. While Eurycea and Desmognathus SAR muscles’ Fproj increased with increasing 
temperature as expected from many previous studies of vertebrate muscle (Bennett, 1984; Herrel 
et al., 2007; James et al., 2012; Lannergren and Westerblad, 1987; Marsh, 1994; Olberding and 
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Deban, 2017; Rall and Woledge, 1990; Syme, 2006), Ensatina SAR force decreased with 
increasing temperature (Fig. 2.1). Temperature effects on rates of force development in Ensatina, 
however, were significantly lower than to Desmognathus and Eurycea (Fig. 2.2, Fig. 2.3).  These 
differences in muscle properties may lead us to expect that tongue projection performance would 
be more similar in Desmognathus and Eurycea compared to Ensatina. However, performance is 
more similar in Ensatina and Eurycea with thermally robust high-power elastic projection, than 
muscle-powered, non-elastic tongue projection in Desmognathus (Anderson et al., 2014; Deban 
and Scales, 2016; Scales et al., 2016). Considering that the species also did not differ in rates of 
force development, these patterns of interspecific differences suggest that contractile properties 
are apparently shaped neither by selection for increased performance and thermal robustness nor 
by relaxed selection in the presence of an elastic-recoil mechanism that could compensate for 
lower muscle performance. 
 Overall, the temperature effects on Ensatina muscle properties do not explain the 
temperature effects on performance. Unlike Eurycea and Desmognathus, SAR projection force 
decreased (albeit weakly) with increasing temperature in Ensatina (Fig. 2.1), contrasting results 
from previous studies of vertebrate muscle at similar temperatures (Bennett, 1984; Herrel et al., 
2007; James et al., 2012; Lannergren and Westerblad, 1987; Marsh, 1994; Olberding and Deban, 
2017; Rall and Woledge, 1990; Syme, 2006). Decreasing force with increasing temperature 
would reduce the work done by the SAR muscle at warmer temperatures, assuming constant 
load. However, tongue projection performance does not decrease with increasing temperature in 
Ensatina (Deban and Scales, 2016), possibly because the muscle is operating with relatively low 
force, which minimizes the effects of temperature on muscle work (Olberding and Deban, 2017). 
The SAR muscle could be “overbuilt” in Ensatina with only a fraction of the potential muscle 
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work being necessary to stretch elastic structures and achieve the observed tongue-projection 
performance. This is supported by relatively low values of SAR muscle mass-specific projection 
energy in Ensatina (0.08 – 8.18 J kg-1) (Deban and Scales, 2016) compared to muscle mass-
specific work from other amphibian muscle (8.8 – 54.6 J kg-1) (Olberding and Deban, 2017; 
Peplowski and Marsh, 1997; Roberts et al., 2011). However, Eurycea and Bolitoglossa franklini 
both have low muscle mass-specific projection energy, yet tongue projection performance is not 
independent of temperature in these species and other factors, like motor control, may be 
involved (Anderson et al., 2014; Scales et al., 2016; Scales et al., 2017). 
 If is unlikely that differences in temperature effects on rates of force development could 
explain the performance differences between genera with elastic versus non-elastic tongue 
projection. Significantly lower temperature effects on Ensatina SAR rates of force development 
compared to other genera without significant interspecific differences in the rates themselves 
suggest that tongue-projection performance should be more thermally robust in Ensatina 
compared to the other genera (Fig. 2.2). However, Ensatina and Eurycea have similar, relatively 
thermally robust tongue projection performance, compared to Desmognathus, despite nearly 
identical rates of force development in Eurycea and Desmognathus (Anderson et al., 2014; 
Deban and Scales, 2016; Scales et al., 2016). Additionally, for all species, SAR muscle 
recruitment is lowest at the lowest temperature interval, but is commonly unaffected by 
temperature at warmer intervals (Anderson et al., 2014; Scales et al., 2017).  This similarity in 
muscle recruitment suggests that interspecific differences in temperature effects on muscle work 
(which may predict performance) could result from differences in the effects of temperature on 
rates of force development, if duration of activity is constant. However, Eurycea, with elastically 
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powered elastic tongue projection and Desmognathus, with muscle-powered, non-elastic tongue 
projection, show identical temperature effects on rates of force development (Fig. 2.2).  
 The unusual behavior of Desmognathus muscles at 25°C could represent failure of in 
vitro muscle tissue at warmer temperatures in the absence of buffering from other physiological 
systems (Marsh and Bennett, 1986). At 20 and 25°C, the muscles from Desmognathus exhibit a 
“shoulder” pattern during force development during which the rate of force development drops 
dramatically ~50 ms after start of stimulation yet force continues to climb slowly to P0 (Fig. 2.3). 
Even though Desmognathus quadramaculatus will feed in a laboratory setting at 25°C, we 
observed that this species will not thrive at that temperature. These muscle properties lead us to 
predict that performance should decrease in Desmognathus at warmer temperatures (25°C), 
rather than increase as may be expected. However, tongue projection and retraction performance 
in Desmognathus does significantly increase with increasing temperature from 10-20 and 15-
25°C intervals (Scales et al., 2016).  
 Temperature effects on contractile performance are similar in the RCP and SAR muscles, 
despite differences in the thermal robustness of tongue projection and retraction during feeding. 
Within each species examined, the RCP muscle has higher rates of force development and thus 
takes less time to reach peak force compared to the SAR muscle (Fig. 2.2). This may be related 
to the specialized functions of the muscles. The RCP muscle must be activated at the end of 
projection to decelerate the tongue projectile and pull it back to the mouth (Deban et al., 2007). 
Rapid force development may allow for the RCP muscle to be activated at the last possible 
moment and avoid stealing energy from tongue projection as force is developed for tongue 
retraction. The rates of relaxation for both muscles are similar, which may be expected given that 
relaxation rate of neither muscle should impact performance of the feeding behavior (Fig. 2.4). 
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Differences in values of P0 (Fproj) between the muscles are harder to interpret due to differences 
in the anatomy and methods of force measurement. Because force from the SAR muscles was 
measured as the force of tongue projection, the amplitude of this force is likely different from the 
force exerted by the muscle on the tongue skeleton. However, similar temperature effects for 
both muscles indicate that the differences in thermal robustness of tongue projection compared to 
tongue retraction are not due to differences in contractile physiology between the SAR and RCP 
muscles.  
 Overall, muscle properties such as rate of force development and the temperature 
sensitivity of muscle performance among the species studied here do not vary in a manner 
consistent with variation in tongue projection performance. Temperature effects on both muscles 
in these species are similar to those of other vertebrate muscle (reviewed in: Bennett, 1984; 
James, 2013). Ensatina differs from the other two taxa in some contractile properties, however 
tongue projection performance in Ensatina is more similar to Eurycea than Desgmognathus, the 
latter of which has lower performance and reduced thermal robustness (Anderson et al., 2014; 
Deban and Scales, 2016; Scales et al., 2016). Within species, temperature effects on muscle 
contractile properties do not match temperature effects on tongue projection performance 
(Anderson et al., 2014; Deban and Scales, 2016; Scales et al., 2016). Finally, the SAR and RCP 
muscles show similar temperature effects, despite the different functions of these muscles during 
feeding.    
 The high-performance and thermal robustness of tongue projection in Ensatina and 
Eurycea are likely the result solely of an elastic-recoil mechanism, and we find no evidence of 
either enhanced muscle contractile rates in these taxa that could explain their high performance, 
or of the converse, i.e., reduced muscle contractile performance in genera with elastic tongue 
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projection that might result from relaxed selection. Thus, changes in muscle contractile 
physiology likely do not contribute to the evolution of high-performance movements that are 
robust to changing temperature. These findings contribute to a growing body of evidence 
indicating that morphological changes in muscle fiber architecture and connective tissue can 
result in an elastic-recoil mechanism that confers both high performance and thermal robustness 
to organismal movements in the absence of changes in muscle contractile properties. 
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Tables 
Table 2.1. Pairwise comparisons between species from models of SAR muscle contractile variables with significant species effects. 
 
Ensatina eschscholtzii 
vs. 
Desmognathus quadramaculatus 
Ensatina eschscholtzii  
vs.  
Eurycea guttolineata 
Desmognathus quadramaculatus 
 vs.  
Eurycea guttolineata 
Variable F-value P-value Adj. alpha F-value P-value Adj. alpha F-value P-value Adj. alpha 
5°C 
         
Time to 50% Fproj 0.086 0.777 0.050 23.481 0.001 0.017 17.638 0.002 0.017 
Time to 90% Fproj  3.411 0.098 0.033 8.093 0.016 0.033 14.263 0.004 0.033 
Time to Relax to 50%  28.884 <0.001 0.017 0.167 0.691 0.050 12.949 0.005 0.050 
10°C 
         
 --  
         
15°C 
         
Electromechanical Delay  8.052 0.019 0.050 13.041 0.004 0.050 1.706 0.221 0.050 
Time to 50% Fproj  8.835 0.016 0.025 19.791 0.001 0.025 2.881 0.120 0.025 
20°C 
         
Time to 50% Fproj  4.585 0.061 0.050 16.488 0.002 0.050 2.550 0.141 0.050 
25°C 
         
 --  
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Table 2.2. Pairwise comparisons between species from models of RCP contractile variables with significant species effects. 
 
Ensatina eschscholtzii 
vs. 
Desmognathus quadramaculatus 
Ensatina eschscholtzii  
vs.  
Eurycea guttolineata 
Desmognathus quadramaculatus 
 vs.  
Eurycea guttolineata 
Variable F-value P-value Adj. alpha F-value P-value Adj. alpha F-value P-value Adj. alpha 
5°C 
         
P0 0.002 0.968 0.050 27.751 0.001 0.030 106.292 <0.001 0.010 
Peak Relax 50%  6.381 0.028 0.020 6.500 0.031 0.040 0.119 0.736 0.050 
Time to 50% P0 1.518 0.244 0.030 58.541 <0.001 0.010 14.845 0.002 0.040 
Time to 90% P0  0.111 0.745 0.040 35.718 <0.001 0.020 15.092 0.002 0.030 
Time to Relax to 50% 12.521 0.005 0.010 2.682 0.136 0.050 19.316 0.001 0.020 
10°C 
         
P0  0.072 0.793 0.050 23.571 0.001 0.038 85.262 <0.001 0.013 
Time to 50% P0  0.887 0.366 0.025 48.243 <0.001 0.013 19.172 0.001 0.050 
Time to 90% P0  0.074 0.790 0.038 43.619 <0.001 0.025 21.553 0.001 0.038 
Time to Relax to 50%  26.756 <0.001 0.013 3.820 0.082 0.050 43.958 <0.001 0.025 
15°C 
         
P0  0.824 0.383 0.040 34.022 <0.001 0.030 78.596 <0.001 0.010 
Specific Tension 2.381 0.151 0.030 2.302 0.163 0.050 9.822 0.009 0.050 
Time to 50% P0  4.284 0.063 0.020 37.723 <0.001 0.020 17.506 0.001 0.040 
Time to 90% P0  0.541 0.477 0.050 56.450 <0.001 0.010 22.310 <0.001 0.030 
Time to Relax to 50%  12.908 0.004 0.010 16.752 0.003 0.040 48.769 <0.001 0.020 
20°C 
         
Electromechanical Delay  16.757 0.002 0.008 10.222 0.011 0.033 0.443 0.518 0.050 
P0  0.394 0.543 0.042 15.320 0.004 0.025 57.075 <0.001 0.008 
Specific Tension  0.006 0.941 0.050 6.088 0.036 0.042 14.600 0.002 0.033 
Peak Relax 50%  2.393 0.150 0.033 2.731 0.133 0.050 9.472 0.010 0.042 
Time to 50% P0  6.273 0.029 0.025 64.448 <0.001 0.008 17.593 0.001 0.025 
Time to Relax to 50%  6.518 0.027 0.017 22.237 0.001 0.017 26.822 <0.001 0.017 
25°C 
         
P0 0.863 0.375 0.038 10.453 0.012 0.025 40.044 <0.001 0.025 
Peak Relax 50%  0.004 0.954 0.050 4.708 0.062 0.050 10.229 0.008 0.038 
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Table 2.2 (continued)   
 
Ensatina eschscholtzii 
vs. 
Desmognathus quadramaculatus 
Ensatina eschscholtzii  
vs.  
Eurycea guttolineata 
Desmognathus quadramaculatus 
 vs.  
Eurycea guttolineata 
Variable F-value P-value Adj. alpha F-value P-value Adj. alpha F-value P-value Adj. alpha 
Time to 90% P0  5.251 0.045 0.013 6.694 0.032 0.038 0.498 0.494 0.050 
Time to Relax to 50%  4.932 0.051 0.025 55.610 <0.001 0.013 41.920 <0.001 0.013 
Peak Relax 50% is the peak rate of force decline measured from the end of stimulation to the time where force had declined to 50% of P0. 
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Table 2.3. Pairwise comparisons of temperature effects between genera from models of SAR muscle contractile variables with 
significant temperature-species interactions for each interval. 
 
Ensatina eschscholtzii 
vs. 
Desmognathus quadramaculatus 
Ensatina eschscholtzii  
vs.  
Eurycea guttolineata 
Desmognathus quadramaculatus 
 vs.  
Eurycea guttolineata 
Variable F-value P-value Adj. alpha F-value P-value Adj. alpha F-value P-value Adj. alpha 
5-25°C 
         
Electromechanical Delay  13.738 <0.001 0.033 17.264 <0.001 0.022 0.922 0.339 0.033 
Average Rate 50% 23.215 <0.001 0.022 9.768 0.002 0.033 2.074 0.152 0.017 
Average Relax 50%  34.807 <0.001 0.011 37.247 <0.001 0.006 0.330 0.567 0.044 
Fproj 22.932 <0.001 0.028 35.928 <0.001 0.017 1.562 0.214 0.028 
Peak Rate 50%  32.627 <0.001 0.017 16.450 <0.001 0.028 1.725 0.191 0.022 
Peak Relax 50%  41.125 <0.001 0.006 36.586 <0.001 0.011 0.022 0.883 0.050 
Time to 50% Fproj  1.300 0.256 0.050 2.371 0.126 0.050 5.814 0.017 0.006 
Time to 90% Fproj  8.563 0.004 0.044 3.064 0.082 0.044 2.378 0.125 0.011 
Time to Relax to 50%  9.109 0.003 0.039 5.747 0.018 0.039 0.911 0.342 0.039 
5-15°C 
         
Electromechanical Delay  9.965 0.002 0.040 17.711 <0.001 0.020 1.414 0.238 0.040 
Average Rate 50% 47.443 <0.001 0.005 3.944 0.050 0.045 16.229 <0.001 0.010 
Average Rate 90%  17.154 <0.001 0.025 1.794 0.184 0.050 7.011 0.010 0.025 
Average Relax 50%  18.029 <0.001 0.020 28.755 <0.001 0.005 1.535 0.219 0.035 
Fproj  8.488 0.004 0.045 19.274 <0.001 0.015 2.024 0.159 0.030 
Peak Rate 50%  35.624 <0.001 0.010 4.230 0.042 0.040 8.229 0.005 0.020 
Peak Relax 50%  11.979 0.001 0.035 20.909 <0.001 0.010 0.490 0.486 0.050 
Time to 50% Fproj  19.320 <0.001 0.015 6.705 0.011 0.035 42.106 <0.001 0.005 
Time to 90% Fproj  2.172 0.144 0.050 10.122 0.002 0.030 16.149 <0.001 0.015 
Time to Relax to 50%  12.491 0.001 0.030 12.439 0.001 0.025 1.251 0.267 0.045 
10-20°C 
         
Average Rate 50%  11.893 0.001 0.020 4.346 0.040 0.050 0.538 0.465 0.040 
Average Relax 50%  10.712 0.001 0.030 14.666 <0.001 0.010 0.636 0.427 0.020 
Fproj 5.358 0.023 0.050 9.768 0.002 0.030 0.642 0.425 0.010 
Peak Rate 50%  13.792 <0.001 0.010 8.010 0.006 0.040 0.014 0.907 0.050 
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Table 2.3 (continued)   
 
Ensatina eschscholtzii 
vs. 
Desmognathus quadramaculatus 
Ensatina eschscholtzii  
vs.  
Eurycea guttolineata 
Desmognathus quadramaculatus 
 vs.  
Eurycea guttolineata 
Variable F-value P-value Adj. alpha F-value P-value Adj. alpha F-value P-value Adj. alpha 
Peak Relax 50%  9.028 0.003 0.040 12.982 0.001 0.020 0.565 0.454 0.030 
15-25°C 
         
Average Rate 90% 12.089 0.001 0.050 2.233 0.139 0.033 15.916 <0.001 0.033 
Peak Relax 50%  24.542 <0.001 0.033 8.198 0.005 0.017 2.370 0.128 0.050 
Time to 90% Fproj  25.049 <0.001 0.017 0.000 0.991 0.050 22.493 <0.001 0.017 
Average Rate 90% and Average Rate 50% are the average rate of force development measured from start of stimulation to time of 90 and 50% of P0, respectively. Peak Rate 50% is 
the peak rate of force development measured from start of stimulation to time of 50% P0. Peak Relax 50% and Average Relax 50% are the peak and average rates of force decline 
measured from the end of stimulation to the time where force had declined to 50% of P0. 
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Table 2.4. Pairwise comparisons of temperature effects between species from models of RCP contractile variables with significant 
temperature-species interactions for each interval. 
 
Ensatina eschscholtzii 
vs. 
Desmognathus quadramaculatus 
Ensatina eschscholtzii  
vs.  
Eurycea guttolineata 
Desmognathus quadramaculatus 
 vs.  
Eurycea guttolineata 
Variable F-value P-value Adj. alpha F-value P-value Adj. alpha F-value P-value Adj. alpha 
5-25°C 
         
Electromechanical Delay 2.018 0.158 0.030 3.258 0.074 0.040 17.360 <0.001 0.030 
Average Rate 50%  6.534 0.012 0.010 2.595 0.110 0.045 1.850 0.176 0.045 
Average Rate 90%  4.484 0.036 0.025 4.650 0.033 0.035 22.266 <0.001 0.025 
Average Relax 50%  0.828 0.364 0.040 28.931 <0.001 0.005 64.982 <0.001 0.010 
Specific Tension  0.002 0.963 0.050 5.984 0.016 0.030 28.278 <0.001 0.015 
Peak Rate 50%  4.936 0.028 0.015 6.306 0.013 0.025 0.404 0.526 0.050 
Peak Relax 50%  0.079 0.779 0.045 28.719 <0.001 0.010 87.622 <0.001 0.005 
Time to 50% P0  1.432 0.234 0.035 28.106 <0.001 0.015 27.511 <0.001 0.020 
Time to 90% P0  22.196 <0.001 0.005 20.089 <0.001 0.020 12.825 <0.001 0.035 
Time to Relax to 50%  4.805 0.030 0.020 0.086 0.769 0.050 6.728 0.010 0.040 
5-15°C 
         
Electromechanical Delay  2.816 0.097 0.029 0.447 0.506 0.050 9.591 0.003 0.043 
Average Rate 50% 0.007 0.933 0.043 4.344 0.040 0.029 14.058 <0.001 0.029 
Average Relax 50%  7.815 0.006 0.007 0.899 0.346 0.043 10.829 0.001 0.036 
P0  3.071 0.083 0.021 11.832 0.001 0.014 24.142 <0.001 0.021 
Peak Rate 50%  7.041 0.010 0.014 0.979 0.326 0.036 8.527 0.004 0.050 
Time to 50% P0  0.002 0.961 0.050 15.397 <0.001 0.007 29.819 <0.001 0.007 
Time to 90% P0  0.131 0.719 0.036 11.200 0.001 0.021 25.404 0.000 0.014 
10-20°C 
         
Average Relax 50%  0.769 0.383 0.025 12.203 0.001 0.025 25.974 <0.001 0.025 
Peak Relax 50%  0.428 0.515 0.038 12.761 0.001 0.013 33.297 <0.001 0.013 
Time to 50% P0  0.374 0.543 0.050 5.485 0.022 0.038 15.937 <0.001 0.038 
Time to Relax to 50%  5.052 0.027 0.013 0.760 0.386 0.050 3.889 0.052 0.050 
15-25°C 
         
Electromechanical Delay  0.231 0.632 0.050 4.977 0.029 0.050 7.539 0.007 0.025 
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Table 2.4 (continued)   
 
Ensatina eschscholtzii 
vs. 
Desmognathus quadramaculatus 
Ensatina eschscholtzii  
vs.  
Eurycea guttolineata 
Desmognathus quadramaculatus 
 vs.  
Eurycea guttolineata 
Variable F-value P-value Adj. alpha F-value P-value Adj. alpha F-value P-value Adj. alpha 
Average Rate 50%  7.619 0.007 0.030 15.491 <0.001 0.030 1.611 0.208 0.050 
Average Rate 90%  2.409 0.125 0.040 17.050 <0.001 0.020 46.651 <0.001 0.010 
Average Relax 50%  12.553 0.001 0.010 38.601 <0.001 0.010 34.783 <0.001 0.020 
P0  8.675 0.004 0.025 16.681 <0.001 0.025 4.715 0.033 0.040 
Specific Tension  1.958 0.166 0.045 6.352 0.014 0.040 6.376 0.013 0.030 
Peak Rate 50%  9.251 0.003 0.020 22.087 <0.001 0.015 5.061 0.027 0.035 
Peak Relax 50%  10.729 0.002 0.015 48.422 <0.001 0.005 57.527 <0.001 0.005 
Time to 50% P0  3.760 0.056 0.035 6.633 0.012 0.035 3.205 0.077 0.045 
Time to 90% P0  26.572 <0.001 0.005 5.441 0.023 0.045 36.978 <0.001 0.015 
Average Rate 90% and Average Rate 50% are the average rate of force development measured from start of stimulation to time of 90 and 50% of P0, respectively. Peak Rate 50% is 
the peak rate of force development measured from start of stimulation to time of 50% P0. Peak Relax 50% and Average Relax 50% are the peak and average rates of force decline 
measured from the end of stimulation to the time where force had declined to 50% of P0. 
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Figure 2.1. Plots of electromechanical delay and peak forces versus temperature. Data are plotted 
with introduced jitter in temperature values to make individuals plotted as symbols discernable at 
each temperature. Lines represent temperature effects from regressions with temperature and 
individual as a random factor and are colored by species. Separate analyses were conducted for 
5-15, 10-20, and 15-25°C temperature intervals the total 5-25°C range. At the top, Q10 values 
colored for each species for the 5-15, 10-20, 15-25°C intervals from left to right with the 5-25°C 
range at the far right. Asterisks following Q10 values and solid regression indicate significant 
temperature effects. Bold values indicate significant interactions between species and 
temperature at that temperature interval. Asterisks above each temperature indicate significant 
differences between species at that temperature. Electromechanical delay decreases significantly 
with increasing temperature for all species at all temperature intervals for the SAR muscle (A) 
and for all except Ensatina eschscholtzii at the 15-25°C interval for RCP muscle (B). For some 
species, Fproj of the SAR muscle (C) and P0 of the RCP muscle (D) increase or decrease 
significantly with increasing temperature, but the magnitude of these effects is small and results 
in small differences between 5 and 25°C. Forces of the RCP expressed as specific tension (E) 
show a similar trend. 
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Figure 2.2. Plots of rates of force generation and duration of time to 50% peak force. Indications 
as in Fig. 2.1. Peak rates of force development for the SAR muscle (A) and RCP muscle (B) and 
average rates of force development for the SAR muscle (C) and RCP muscle (D) increase 
significantly with increasing temperature and time to reach 50% Fproj for SAR muscle (E) and P0 
for RCP muscle (F) decrease significantly with increasing temperature for most species at most 
temperature intervals. Exceptions are no significant temperature effects on peak and average rate 
of force of RCP muscle for Ensatina eschscholtzii at 15-25 C (B,D). 
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Figure 2.3. Plots of rates of force generation and duration of time to 90% peak force. Indications 
as in Fig. 2.1. Peak rates of force development (not shown) are identical to those measured to 
50% peak force (Fig. 2).  Average rates of force development for the SAR muscle (A) and RCP 
muscle (B) increase significantly with increasing temperature and time to reach 50% Fproj for 
SAR muscle (C) and P0 for RCP muscle (D) decrease significantly with increasing temperature 
for most species at most temperature intervals. Average rate of force development to 90% P0 are 
not significantly affected by temperature at 15-25°C for Ensatina eschscholtzii (B). Notably, rate 
of force development decreases with increasing temperature and time to 90% peak force 
increases significantly with increasing temperature for Desmognathus quadramaculatus SAR 
muscle (A,C) and RCP muscle (B,D) at 15-25°C. Temperature effects on rate of force and time 
to 90% P0 are not significant for Desmognathus for the total 5-25°C range (B,D). 
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Figure 2.4. Plots of rates of force decline and time to relax to 50% of peak force. Indications as 
in Fig. 2.1. Peak rates of force decline for the SAR muscle (A) and RCP muscle (B) and average 
rates of force decline for the SAR muscle (C) and RCP muscle (D) increase significantly with 
increasing temperature and time to reach 50% Fproj for SAR muscle (E) and P0 for RCP muscle 
(F) decrease significantly with increasing temperature for most species at most temperature 
intervals. Exceptions are no significant temperature effects on peak and average rate of force 
decline in SAR muscle in Ensatina eschscholtzii at 15-25°C (A), peak rate of RCP muscle at 10-
20°C in Ensatina and 15-25°C in Ensatina and Desmognathus quadramaculatus (B), and 
average rate of RCP at 15-25°C in Ensatina (D). 
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CHAPTER THREE: 
 
EFFECTS OF TEMPERATURE AND FORCE REQUIREMENTS ON MUSCLE WORK  
 
AND POWER OUTPUT 
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Abstract 
 Performance of muscle-powered movements depends on temperature through its effects 
on muscle contractile properties. In vitro stimulation of Cuban treefrog (Osteopilus 
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septentrionalis) plantaris muscles reveals that interactions between force and temperature affect 
the mechanical work of muscle. At low temperatures (9 – 17°C), muscle work depends on 
temperature when shortening at any force, and temperature effects are greater at higher forces. At 
warmer temperatures (13 – 21°C), muscle work depends on temperature when shortening with 
intermediate and high forces (≥ 30% peak isometric tetanic force). Shortening velocity is most 
strongly affected by temperature at low temperatures and high forces. Power is also most 
strongly affected at low temperature intervals but this effect is minimized at intermediate forces. 
Effects of temperature on muscle force explain these interactions; force production decreases at 
lower temperatures, increasing the challenge of moving a constant force relative to the muscle’s 
capacity. These results suggest that animal performance that requires muscles to do work with 
low forces relative to a muscle’s maximum force production will be robust to temperature 
changes, and this effect should be true whether muscle acts directly or through elastic-recoil 
mechanisms and whether force is prescribed (i.e. internal) or variable (i.e. external). Conversely, 
performance requiring muscles to shorten with relatively large forces is expected to be more 
sensitive to temperature changes. 
 
Introduction 
 Temperature can have significant effects on whole-organism performance, especially in 
ectotherms (Angilletta, 2009). Muscle-powered movements are particularly susceptible to 
temperature changes (reviewed in Bennett, 1990) because of the effects of temperature on 
muscle contractile properties (Bennett, 1985; James, 2013). At lower temperatures we see lower 
muscle shortening velocity (Coughlin et al., 1996; Hill, 1938; Johnston and Gleeson, 1984), 
lower rates of force generation (Herrel et al., 2007; Wilson et al., 2000), lower power output 
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(Herrel et al., 2007; James et al., 2012; Ranatunga, 1998; Renaud and Stevens, 1984; Swoap et 
al., 1993), and to a lesser extent, lower force production (James et al., 2012; Rall and Woledge, 
1990). Here we examine the effects of temperature on the work done by an ectothermic muscle 
during isotonic contractions with a range of forces. 
 Many ectotherms bypass the limitations of muscle contraction and maintain performance 
at lower temperatures by using elastic-recoil mechanisms in their feeding movements 
(chameleons: Anderson and Deban, 2010; toads: Deban and Lappin, 2011; salamanders: 
Anderson et al., 2014; Deban and Richardson, 2011; Deban and Scales, 2016; Scales et al., 
2016), These animals are able to use their muscles to stretch elastic connective tissue, storing 
energy that is later released rapidly when this tissue recoils (de Groot and van Leeuwen, 2004; 
Deban et al., 2007; Lappin et al., 2006). This increases the rate of energy release, effectively 
multiplying the power output of the muscle (Alexander, 1977). The storage and recovery of 
energy in elastic structures such as tendons and aponeuroses is relatively unaffected by 
temperature (Rigby et al., 1959), therefore movements that use elastic recoil are not strongly 
affected by decreasing muscle power at lower temperatures.  While the decoupling of the 
movement from muscle shortening afforded by the elastic mechanism diminishes the role of 
muscle power in these systems, the total amount of work done directly determines performance. 
Therefore, the thermal robustness of performance in elastic systems requires that the work done 
by a muscle be relatively independent of temperature.   
 The effects of temperature on most muscle contractile properties have been extensively 
studied (James, 2013), including temperature effects on the work done by a muscle during 
stretch-shortening cycles (Herrel et al., 2007; James et al., 2012; Swoap et al., 1993). While these 
work-loop experiments are useful for simulating cyclical movements, they are often optimized 
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for net work or power rather than simulating a particular external load (Josephson, 1985). Many 
movements involved in feeding and locomotion require single muscle contractions, rather than a 
series of stretch-shortening cycles and in these cases the work done by a muscle depends on the 
specific load being moved. Muscle contractions in simulated elastic-recoil mechanisms have 
revealed that work output is optimized when the muscle is shortening at intermediate loads 
(~50% peak isometric tetanic tension) (Sawicki et al., 2015). Therefore, the effects of 
temperature on muscle contraction in elastic-recoil mechanisms are most relevant under 
prescribed-load conditions, rather than cycles of imposed length changes and fluctuating load.  
The thermal robustness of performance has been well established in systems in which single 
muscle contractions are used to move prescribed forces, including the feeding mechanisms of 
salamanders, chameleons, and toads (Anderson and Deban, 2010; Anderson et al., 2014; Deban 
and Lappin, 2011; Deban and Richardson, 2011; Deban and Scales, 2016; Scales et al., 2016).  
 The unusual morphology of the muscles in elastically powered feeding systems makes in 
vitro studies of muscle contractile properties such as shortening velocity, power output, and work 
technically difficult (de Groot and van Leeuwen, 2004; Deban et al., 2007). Elastic recoil has 
been documented in several frog species including Rana pipiens and Osteopilus septentrionalis 
(Astley and Roberts, 2012; Peplowski and Marsh, 1997; Roberts et al., 2011; Roberts and Marsh, 
2003), and temperature effects on jump performance in some frog species (inluding Rana pipiens 
and Limnodynastes tasmaniensis) are less than would be expected based on temperature effects 
on muscle (Hirano and Rome, 1984; Whitehead et al., 1989). In these species, energy is stored in 
the distal tendon of the plantaris muscle when the muscle shortens prior to the initiation of 
movement and is subsequently released at high power (Astley and Roberts, 2012; Roberts and 
Marsh, 2003). Because of the large amount of power amplification in O. septentrionalis 
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(Peplowski and Marsh, 1997; Roberts et al., 2011), the plantaris muscle of this species provides 
an ideal system in which to test the effects of temperature on muscle work. Given the similarities 
in function between these independently evolved feeding and locomotion systems, we expect 
thermal robustness to be a universal feature of elastic-recoil mechanisms. Here we examine the 
interaction of temperature and force on muscle contractile properties using a series of after-
loaded contractions of the frog plantaris at different temperatures to test the premise that muscle 
work is robust to changing temperature. 
 
Materials and Methods 
In vitro muscle experiments 
 Eight adult Cuban treefrogs [Osteopilus septentrionalis (Duméril & Bibron 1841)] (body 
mass = 12.2 to 28.0 g) were wild-caught around Tampa, FL, and housed in laboratory facilities 
for 1-2 weeks prior to experiments. Frogs were housed in plastic containers with a water gradient 
and fed gut-loaded crickets ad libitum twice weekly. Frogs were humanely euthanized via rapid 
decapitation immediately prior to muscle experiments and destruction of the central nervous 
system was ensured through double-pithing. Plantaris muscles (muscle mass = 0.217 to 0.309 g) 
were dissected from these frogs along with the intact sciatic nerve while being bathed with room 
temperature Amphibian Ringer’s solution (Fischmeister and Hartzell, 1987).  Kevlar thread 
(Weaverville Thread, Inc., Weaverville, NC, USA) was tied around the proximal region of the 
plantaris tendon being careful not to include any muscle fibers in the knot. The origin of the 
plantaris at the knee was left intact and each muscle was connected to a dual mode servomotor 
(Model 305C-LR, Aurora Scientific, Aurora, ON, Canada) by clamping the knee joint at the 
proximal end and tying the Kevlar thread from the tendon to the lever of the servomotor. 
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Muscles were stimulated through the sciatic nerve using a bipolar pulse stimulator (Model 701B, 
Aurora Scientific) controlled by a custom instrument in LabVIEW software (v9.0, National 
Instruments, Austin, TX, USA). The muscle preparation was submerged in a tissue-organ bath 
(Model 805A, Aurora Scientific) filled with oxygenated (100% O2) Ringer’s solution. 
Temperature was controlled using a temperature-controlled water circulator (IsoTemp 1013S, 
Fisher Scientific, Waltham, MA, USA). All procedures were approved by the Institutional 
Animal Care and Use Committee of the University of South Florida. 
 Position and force of the muscle on the lever were recorded at 1000 Hz for three seconds 
as the muscle was activated during and relaxed following stimulation using a standard after-
loaded protocol. Each muscle was allowed to rest initially for 30 minutes at a temperature of 
17°C. Muscle were stimulated using 1 ms pulses at 20 V. Because voltage was specified, the 
system found its own current based on the resistance of the nerve tissue. Isometric twitches were 
used to find the whole-muscle length (L0) that gave the highest force by manually altering the 
length of the muscle using a micropositioner. Optimum length measured using isometric twitches 
is larger than when measured using tetanic contractions, therefore the muscles may have been 
operating on the descending limb of the force-length curve during tetanic contractions. Because 
this was done consistently for all muscles, the results should not be affected other than 
underestimating true peak isometric tetanic tension (P0) (Holt and Azizi, 2014). In all 
contractions, the muscle was stretched ~30 seconds prior to stimulation until passive tension was 
equal to that recorded at L0. Length was periodically checked over the course of experiment to 
ensure that the correspondence of L0 and passive remained unchanged. Passive tension was 
relaxed while the muscle rested between stimulations to prevent muscle damage. 
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 Isometric contractions from preliminary studies found the stimulus frequency that yielded 
maximum force of tetanic contractions to be related to the rate of force development of a single 
twitch as 4400 divided by time (in ms) to peak twitch force. Using this relationship, a single 
isometric twitch was used to determine the stimulus frequency for tetanic contractions at each 
temperature for each muscle.  
 Experiments started at 17°C followed by either the sequence 9 – 13 – 21 – 25 – 17°C or 
25 – 21 – 13 – 9 – 17°C so that half of the muscles experienced increasing temperatures through 
time, while the other half experienced decreasing temperatures.  This was done to avoid 
confounding muscle fatigue with temperature effects. Muscles rested for 20 minutes at each new 
temperature, then P0 was measured using previously determined L0 and stimulus frequency. 
Isotonic contractions were measured by stimulating muscles to shorten with constant forces 
determined by the lever that resulted in relative forces from 10 to 90% of P0 (Fig. 3.1). Stimulus 
duration lasted 1000 to 1200 ms depending on temperature to allow muscles to fully shorten. 
Position of the lever and muscle force exerted on the lever were recorded during each contraction 
in LabVIEW.  
 Preliminary experiments found that a ten minute rest period was sufficient to observe 
repeatable measures of muscle work in isotonic contractions of a 0.342 g muscle, while a five 
minute rest resulted in decreased work output (Fig. 3.2). Therefore, muscles were allowed to rest 
for ten minutes between each tetanic isometric and isotonic contraction to reduce effects of 
fatigue. A second measure of P0 was recorded following completion of isotonic contractions at 
each temperature to measure the change in performance across contractions at that temperature. 
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Analysis 
 Data were collected for complete temperature series for muscles from four individuals, 
but the Kevlar knot attaching the muscle to the lever broke free from the tendon before all 
temperatures could be collected for the other four muscles. For the four muscles that had a final 
17°C, treatment the initial 17°C treatment was not included in the dataset in order to avoid 
confounding time (muscle fatigue) and temperature. The highest value of P0 for a muscle at a 
temperature was chosen to represent the peak muscle force at that temperature. Values of lever 
force were divided by this P0 at 17°C to calculate relative force imposed on each muscle during 
isotonic contractions. Peak rate of muscle force development and average rate of muscle force 
development from start of stimulation to P0 were determined from the first time derivative of 
muscle force using a quintic spline in R (R Foundation for Statistical Computing, www.r-
project.org). Velocity of muscle shortening was calculated as the first time derivative of lever 
position using a quintic spline. Maximum shortened distance of a muscle during isotonic 
contractions was determined at the point at which shortening velocity reached zero in graphs of 
velocity over time (plus or minus 10 ms). Power was calculated by multiplying instantaneous 
shortening velocity by instantaneous muscle force (which was constant) during isotonic 
contractions. Peak power was determined to be the highest value of instantaneous power for each 
isotonic contraction, which was also equivalent to the peak instantaneous shortening velocity 
times the constant muscle force. Average power was calculated from the start of shortening until 
shortening velocity reached zero for each isotonic contraction. Total distance shortened was 
multiplied by peak muscle force (= lever force) to calculate work done by a muscle. Values of 
power and work were divided by wet muscle mass to calculate muscle-mass-specific power and 
work.  
 56 
 All statistical analyses were performed using custom scripts in R. Statistical models of P0, 
peak rate of muscle force development, and average rate of muscle force development included 
temperature as a continuous variable and individual as a random factor. When examining the 
effects of temperature on muscle performance, all dependent variables were log10-transformed 
because their relationship with temperature is assumed to be exponential. For each dependent 
variable, separate analyses were run for the entire temperature range and for three overlapping 
8°C temperature intervals: 9-17°C, 13-21°C, and 17-25°C. The (partial) regression coefficients 
of temperature were used to calculate temperature coefficients (Q10) using the following 
equation: Q10 = 10^(regression coefficient*10). Temperature coefficients were considered 
significantly different from 1.0 if based on a regression coefficient with a P-value < 0.05. 
 For each muscle, temperature effects on force-dependent variables (work, power, 
velocity, and distance shortened) were examined by fitting temperature-force surfaces to the raw 
(i.e., not log10-transformed) data that included a quadratic equation for temperature and a 
quadratic equation for relative force. A cubic polynomial equation was used for relative force in 
surfaces with velocity as the dependent variable.  Interpolated values of dependent variables 
from the temperature-force surfaces for each muscle were calculated at all combinations of 9, 13, 
17, 21, and 25°C and 10, 20, 30, 40, 50, 60 70, 80, and 90% relative force.  Log10-transformed 
interpolated values of force-dependent variables for each muscle were used to calculate Q10 
values for each relative force using regressions similar to those described above. Values of 
shortening velocity were measured at the level of the whole muscle and are therefore lower than 
shortening velocity measured from muscle fascicles because of the pennate structure of the 
plantaris muscle. 
 57 
 To examine the force-velocity characteristics of these muscles at different temperatures, a 
third order polynomial function was fit to force-velocity curves separately for each muscle at 
each temperature. Regressions similar to those described above were used to examine the effects 
of temperature on force-velocity variables. These include maximum unloaded shortening 
velocity (Vmax), peak power output (Wmax), power ratio (PR=Wmax/(Vmax*P0)), shortening 
velocity at which peak power occurs (Vpower), and force at which peak power occurs (Fpower). Out 
of eight muscles, two muscles were missing data from the 25°C treatment (last in the series) 
because of failure of the connection between the Kevlar thread and plantaris tendon and one 
muscle only had measurements for only two different forces at the 9 C treatment. 
 
Effects of Stimulus Duration 
 Although 1200 ms of total stimulation appeared to allow for complete muscle shortening 
based on examination of the muscle length traces, examination of muscle shortening velocity 
traces revealed that muscle had not always fully shortened by the end of stimulation. This effect 
occurs in all isotonic contractions at 9°C and most contractions at 13°C (N = 68), introducing a 
potential confounding factor of stimulation duration that would tend to underestimate muscle 
work at these low temperatures. In trials in which shortening velocity was greater than zero at the 
end of stimulation, a logarithmic function (velocity = a + b*log[time]) was fit to the last 200 ms 
of velocity data prior to the end of stimulation. This function was used to predict values of 
velocity out to the x-intercept (zero velocity), and the integral of this extrapolated region of the 
curve was measured to determine the amount of shortening that would occur during this time. 
This distance was added to the measured distance the muscle shortened and used to calculate 
work. 
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 Data for these 68 trials were analyzed using the additional predicted work, but these did 
not significantly change the results. On average, the predicted additional shortening added 4.5% 
additional muscle work. In only four cases this procedure predicted additional work greater than 
11%. The most severe case, a ~3 N force at 9°C, is represented in Fig. 3.1. In this trial, predicted 
additional shortening changed the muscle-mass-specific work from 4.04 to 7.27 J kg-1 (an 80% 
increase). While muscle may have not reached zero shortening velocity in these cases, they did 
reach low velocities at which even several hundred additional milliseconds of stimulation would 
not result in enough work to significantly change the results in most cases. This additional 
shortening does not affect measurement of peak velocity or peak power, which occur early in 
shortening, or the force-velocity characteristics, which are calculated from peak velocities. 
Measurements of average velocity and average power were changed in these 68 trials to include 
the predicted additional shortening velocity, and resulting power when multiplied by force, until 
the x-intercept was reached. 
 
Results 
 Peak muscle force ranged from 3.34 to 10.29 N and increased with increasing 
temperature. For the four muscles with repeated measures of 17°C, peak muscle force decreased 
to 78% of initial measurement on average over the entire experiment, though this long-term 
fatigue is not confounded with temperature because of the balanced number of muscles that 
experienced increasing or decreasing temperatures. On average, peak muscle force decreased to 
97, 99, and 93% of initial measurement across the 9, 17, and 21°C treatments, respectively. Peak 
muscle force increased to 101% of initial values across the 13°C treatment on average. At 25°C, 
P0 decreased to 86% of initial values on average, but because forces were measured in decreasing 
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order at each temperature, the effect of muscle fatigue would lead to underestimates of work at 
lower forces at 25°C. The temperature coefficient was highest for P0 across the 9 – 17°C 
temperature interval (Q10 = 1.34) and decreased at the higher intervals (Table 3.1). Peak rate of 
muscle force development ranged from 12 to 83 N s-1 and average rate of muscle force 
development ranged from 2 to 27 N s-1 (Appendix B: Table B1). The peak and average rates of 
muscle force development during isometric contraction both increased with increasing 
temperature with higher Q10 values across the 9 – 17°C temperature interval (Table 3.1) 
compared with the warmer intervals.  
 Force-velocity characteristics of the muscles followed similar patterns. Values of Vmax 
ranged from 0.60 to 2.16 L0 s
-1 and Wmax ranged from 27.9 to 327.5 W kg
-1. Both Vmax and Wmax 
increased significantly with increasing temperature across all temperature ranges, and Q10 values 
were largest across the 9 – 17°C temperature interval compared with the warmer temperature 
intervals (Table 3.1). PR ranged from 0.09 to 0.22, Vpower ranged from 21 to 55% Vmax , and 
Fpower ranged from 22 to 67 % P0. Power ratio increased significantly with increasing temperature 
across the 9 – 17°C interval and total 9 – 25°C range (Table 3.1). Vpower and Fpower increased with 
increasing temperature across the 17 – 25°C interval and the total 9 – 25°C range (Table 3.1).  
 Muscle-mass-specific work ranged from 0.33 to 57.76 J kg-1 across different forces and 
temperatures; the highest work was obtained at an intermediate force (50% P0) at 21°C. Effects 
of temperature on the work done by a muscle depended on the force with which the muscle was 
shortening (Fig. 3.3, Table 3.1). Values of Q10 were lowest at relatively low forces (e.g. 10% P0), 
but increased at higher forces (e.g. 80% P0) and these effects were significant across the 9 – 17°C 
interval at all forces. At a force of 10% P0, work decreased with increasing temperature across 
the 13-21 and 17-25°C intervals and the total 9 – 25°C range. At a force of 20% P0, temperature 
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had no significant effect on work across the 13 – 21°C interval and 9 – 25°C range, but work did 
decrease significantly with increasing temperature across the 17 – 25°C interval at this force. For 
all other forces, work increased significantly with increasing temperature across the 13 – 21°C 
interval and total 9 – 25°C range (Table 3.1). 
 Peak shortening velocity ranged from 0.001 to 1.61 L0 s
-1 and increased significantly with 
increasing temperature, but these effects were greatest at the 9 – 17°C interval and at higher 
forces (Fig. 3.3, Table 3.1).  Peak power during muscle shortening ranged from 3.7 to 303.2 W 
kg-1 across all temperatures, and forces with the highest values at intermediate forces (50% P0) at 
25°C. Temperature effects on peak power were strongest at the 9 – 17°C interval and low and 
high forces, but weakest at intermediate forces (Table 3.1). Similar trends were seen when 
examining average rather than peak velocity and power (Appendix B: Table B2, Fig. B1). Values 
and temperature effects for variables at high forces (80 and 90% P0) at the 9 – 17°C interval are 
reported with a small sample size, which makes the calculated regression coefficients unreliable. 
 
Discussion 
 The effects of temperature on frog muscle contractile properties including work, power, 
and velocity during isotonic shortening depend on the force with which the muscle is shortening 
(Fig. 3.3). The forces at which velocity, power, and work are optimized are not necessarily the 
same forces at which temperature effects on each property are lowest, thus there may be trade-
offs between these different aspects of muscle contractile performance. Extending to the whole-
animal level, the specific conditions of the movements (i.e. force and temperature) determine not 
only muscle performance, but also the thermal robustness of this performance.  These factors 
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may impact performance when muscles are contracting with or without in-series elastic 
structures and moving internal or external loads.  
 Thermal effects on isotonic contractile properties are largely explained by the significant 
effects of temperature on the force of contraction and the relationship of that force to both 
muscle length and contractile velocity. A muscle shortening with a constant force will shorten at 
a velocity dictated by the force-velocity relationship of that muscle. As shortening results in 
decreased muscle length and lower force capacity according to the force-length relationship of 
that muscle, the shortening velocity will also decrease because the force capacity of the muscle is 
now closer to the force imposed by the lever. The muscle will continue to shorten until it reaches 
a length where force capacity equals the force imposed by the lever, at which point shortening 
velocity will be zero. Because the force imposed by the lever determines the shortening velocity 
and the decreased length that results from shortening determines force capacity, the change in 
muscle length is effectively a function of the force of the lever and the height of the force-length 
curve which is assumed to be represented by the amplitude of the peak isometric force of the 
muscle, P0. Therefore as P0 decreases with decreasing temperature, the force-length relationship 
has a lower amplitude and less work can be done with a particular force because less shortening 
can occur before force capacity is equal to the force of the lever (Fig. 3.4A).  
 The challenge imposed by a large force relative to P0 is also affected more strongly by 
temperature than the challenge imposed by a small force: as P0 decreases with decreasing 
temperature, a given absolute force becomes larger relative to P0 (Fig. 3.4). For example, when 
P0 drops from 7 N at 17°C to 6 N at 13°C, a force of 6 N changes from 84% of P0 to 100% of P0. 
However, a force of 1 N would be 14% of P0 of 17°C, and 17% of P0 at 13°C. The muscle 
experiences a 16% change in relative force with the 6 N force, but only a 3% change with the 
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smaller 1 N force across the same temperature change. Muscle work depends on the relative 
force, as reasoned above; therefore, the effect of temperature on the work done by a muscle is 
greater for the larger force. These results are supported by measurements of work from sartorius 
muscles in Hyla aurea and Bufo marinus at 10 and 20°C (Gibbs and Chapman, 1974). Satorius 
mass-specific work in H. aurea increases from 4.19 to 4.24 mcal g-1 from 10 to 20°C (Q10=1.01) 
when shortening with a force that is 20% of peak isometric force, but increases from 3.79 to 5.49 
mcal g-1 across the same temperature interval (Q10=1.45) when moving an 80% force (Gibbs and 
Chapman, 1974). Results for B. marinus are similar: work increases from 5.20 to 5.90 mcal g-1 
(Q10=1.14) at 20% force and from 3.09 to 5.50 mcal g
-1 (Q10=1.78) at 80% force from 10 to 20°C 
(Gibbs and Chapman, 1974). 
 The work performed by a muscle tends to be greatest at intermediate forces at any 
temperature (Fig. 3.3) because work is the product of force and distance shortened. However, 
which absolute forces are “intermediate” depends on temperature, because P0 decreases with 
decreasing temperature (Table 3.1). A force that results in the most work at a warm temperature 
may be too great for doing maximum work at a cooler temperature. This reasoning can be 
extended to explain the effects of temperature and force interactions on power, as well. When 
force is calculated relative to P0 at each temperature rather than relative to a single value of P0 at 
17°C, the interaction between force and temperature is significantly diminished for both work 
and power (Table 3.2, Fig. 3.5). 
 Temperature effects on muscle shortening velocity are greatest when muscle forces are 
large. In high-force movements, muscle force will be closer to P0 and thus at the low end of 
shortening velocities, while in low-force movements muscle force is far from P0 and thus at the 
high end of the velocity range. Because decreasing temperature causes a greater increase in force 
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relative to P0 for larger absolute forces (see above), there will be a greater decrease in velocity 
for a muscle shortening with high forces at lower temperatures. For a muscle shortening with a 
low force compared with P0, the increase in relative force with decreasing temperatures is small 
and thus results in a smaller change in shortening velocity.  
 
Impacts on elastically and muscle-powered movements 
 The temporal decoupling of muscle shortening from movement in elastic-recoil 
mechanisms minimizes the effects of muscle shortening velocity and power on the performance 
of the movement, yet the ability of muscle to do work can have impacts on performance. In vivo 
studies have found that performance of feeding behaviors that utilize elastic-recoil mechanisms 
is maintained despite changing temperature and the effects on muscle contractile physiology 
(Anderson and Deban, 2010; Anderson et al., 2014; Deban and Lappin, 2011; Deban and 
Richardson, 2011; Deban and Scales, 2016; Scales et al., 2016). Because these salamanders, 
toads, and chameleons are maintaining performance at lower temperatures, their muscles must be 
shortening to do work with relatively low forces, provided that P0 is affected by temperature as 
we have shown in the present study. Relatively low muscle-mass-specific energy requirements 
(0.08 – 8.18 J kg-1) of tongue projection in some salamanders (Deban and Scales, 2016) suggest 
that projector muscles are relatively large compared with the forces they experience. 
 Elastic systems in which relatively large muscles are moving small loads are optimized 
for power amplification, but not muscle work (Sawicki et al., 2015). In contractions of a muscle 
tendon unit with simulated loads, low loads relative to P0 (~17.5% P0) tend to produce the 
greatest amount of muscle power amplification (Sawicki et al., 2015). These relatively low 
forces that maximize performance as measured by power amplification (Sawicki et al., 2015) 
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also maximize thermal performance, as we have shown (Table 3.1, Fig. 3.3). However, 
shortening with intermediate forces relative to P0 (~50% P0) will increase performance measured 
as muscle work (Fig. 3.3) (Sawicki et al., 2015). Therefore, there is an apparent performance 
tradeoff in elastic mechanisms in which tuning of force relative to P0 will permit either net work 
or power amplification and thermal robustness to be maximized. In an elastic-recoil mechanism, 
the muscle must have a large P0 relative to the stiffness of the elastic structure to operate at low 
forces and maximize power, which can be accomplished by having relatively compliant elastic 
structures in series with the muscle. The “cost” of a system tuned in this way would be in 
maintaining a relatively large muscle that is capable of more force and work than is ever used. 
Measuring force in vivo in many elastic systems is technically challenging, but modeling of 
elastic-recoil mechanisms based on morphology of the muscle and elastic structure may reveal 
systems that are “tuned” to work at low forces relative to P0. 
 The impacts of the temperature and force interaction on muscle contractile properties are 
not limited to elastic-recoil systems. If temperature effects on frog muscle are similar to other 
systems, then any musculoskeletal mechanism that must maintain performance while 
experiencing ranges of relatively low temperatures (e.g. 9-17 °C) may benefit from muscle 
contractions at relatively low forces. When the loads being moved are prescribed (i.e. internal 
work through motion of body parts), low forces could result through muscles with large 
physiological cross section or through high mechanical advantage. Therefore, the force at which 
a muscle operates, either directly measured or calculated from morphology, could predict power, 
work, and the thermal robustness of these contractile properties. 
 In conclusion, the work done by a muscle decreases significantly with decreasing 
temperatures when shortening at intermediate and high force relative to P0, but not when 
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shortening with relatively low force. Additionally, the increases in muscle velocity and power 
with increasing temperature that have been previously described (reviewed in Bennett, 1985; 
James, 2013) are also found to be dependent on force. The performance of skeletal muscle 
during concentric contractions depends not only the temperature of the muscle, but also on the 
load that is being moved, thus the performance of both muscle-powered and elastically powered 
movements is determined by not only the mechanical demand on the muscle but also its thermal 
environment.   
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Tables 
 
Table 3.1 Regression results from statistical models of contractile variables. Analyses included temperature as a continuous variable 
and individual as a random factor. For each variable, separate analyses were run for the entire temperature range and for three 
overlapping 8°C temperature intervals: 9 to 17°C, 13 to 21°C, and 17 to 25°C. The (partial) regression coefficients from each 
regression were transformed into temperature coefficients (Q10) using the following equation: Q10 = 10^(regression coefficient*10). 
Temperature coefficients were considered significantly different from 1 if based on a regression coefficient with P-value < 0.05 
(significant Q10 values in bold). P0 = peak isometric force, Wmax = peak power from force-velocity curves, Vpower = velocity at which 
peak power occurred, Fpower = force at which peak power occurred, PR = power ratio, Vmax = unloaded contractile velocity. 
 
  9 to 17°C 13 to 21°C 17 to 25°C 9 to 25°C 
Variable Coef. P-value Q10 Coef. P-value Q10 Coef. P-value Q10 Coef. P-value Q10 
P0 (N) 0.013 0.002 1.34 0.008 0.020 1.21 0.010 0.025 1.25 0.011 <0.001 1.28 
Peak Rate of Force (N s-1) 0.047 <0.001 2.98 0.030 <0.001 1.98 0.026 <0.001 1.83 0.036 <0.001 2.27 
Average Rate of Force (N s-1) 0.043 <0.001 2.68 0.027 0.019 1.85 0.029 0.027 1.97 0.035 <0.001 2.21 
Wmax 0.058 <0.001 3.84 0.035 <0.001 2.25 0.029 <0.001 1.94 0.043 <0.001 2.67 
Vpower 0.000 0.902 1.00 -0.001 0.720 0.98 -0.010 0.038 0.80 -0.004 0.023 0.91 
Fpower 0.007 0.067 1.18 0.006 0.098 1.15 0.014 0.014 1.37 0.010 <0.001 1.25 
PR 0.007 0.024 1.18 0.005 0.126 1.13 0.004 0.366 1.09 0.006 0.001 1.14 
Vmax (L0 s
-1) 0.035 <0.001 2.23 0.022 <0.001 1.65 0.020 <0.001 1.57 0.027 <0.001 1.84 
10% P0 
         
  
 
Peak Velocity (L0 s
-1) 0.036 <0.001 2.31 0.026 <0.001 1.82 0.020 <0.001 1.57 0.028 <0.001 1.89 
Peak Power (W kg-1) 0.084 <0.001 6.87 0.036 <0.001 2.28 0.014 0.173 1.38 0.046 <0.001 2.90 
Work (J kg-1) 0.020 0.001 1.58 -0.005 0.035 0.89 -0.040 0.001 0.40 -0.009 0.061 0.81 
20% P0 
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Table 3.1 (continued)             
  9 to 17°C 13 to 21°C 17 to 25°C 9 to 25°C 
Variable Coef. P-value Q10 Coef. P-value Q10 Coef. P-value Q10 Coef. P-value Q10 
Peak Velocity (L0 s
-1) 0.045 <0.001 2.82 0.030 <0.001 2.00 0.022 <0.001 1.65 0.033 <0.001 2.12 
Peak Power (W kg-1) 0.048 <0.001 3.02 0.027 <0.001 1.87 0.014 0.039 1.38 0.030 <0.001 2.01 
Work (J kg-1) 0.019 <0.001 1.53 0.002 0.218 1.06 -0.014 0.008 0.72 0.002 0.359 1.05 
30% P0 
 
 
       
  
 
Peak Velocity (L0 s
-1) 0.057 <0.001 3.71 0.035 <0.001 2.23 0.024 <0.001 1.73 0.039 <0.001 2.47 
Peak Power (W kg-1) 0.043 <0.001 2.71 0.026 <0.001 1.82 0.015 0.013 1.40 0.028 <0.001 1.92 
Work (J kg-1) 0.020 <0.001 1.59 0.006 0.006 1.16 -0.006 0.120 0.86 0.007 0.003 1.17 
40% P0 
 
 
       
  
 
Peak Velocity (L0 s
-1) 0.074 <0.001 5.49 0.040 <0.001 2.51 0.026 <0.001 1.80 0.048 <0.001 3.00 
Peak Power (W kg-1) 0.046 <0.001 2.86 0.027 <0.001 1.87 0.016 0.005 1.44 0.030 <0.001 2.00 
Work (J kg-1) 0.024 <0.001 1.73 0.010 0.001 1.25 -0.002 0.588 0.95 0.011 <0.001 1.28 
50% P0 
 
 
       
 
 
 
Peak Velocity (L0 s
-1) 0.102 <0.001 10.39 0.045 <0.001 2.84 0.027 <0.001 1.85 0.060 <0.001 4.02 
Peak Power (W kg-1) 0.055 <0.001 3.53 0.031 <0.001 2.04 0.018 0.002 1.51 0.035 <0.001 2.25 
Work (J kg-1) 0.030 <0.001 1.98 0.013 <0.001 1.36 0.001 0.788 1.03 0.015 <0.001 1.41 
60% P0 
         
  
 
Peak Velocity (L0 s
-1) 0.140 <0.001 25.28 0.051 <0.001 3.22 0.027 0.002 1.86 0.076 <0.001 5.71 
Peak Power (W kg-1) 0.083 <0.001 6.71 0.038 <0.001 2.40 0.021 0.001 1.62 0.049 <0.001 3.09 
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Table 3.1 (continued)             
  9 to 17°C 13 to 21°C 17 to 25°C 9 to 25°C 
Variable Coef. P-value Q10 Coef. P-value Q10 Coef. P-value Q10 Coef. P-value Q10 
Work (J kg-1) 0.042 <0.001 2.62 0.018 <0.001 1.52 0.004 0.387 1.10 0.022 <0.001 1.66 
70% P0 
 
 
  
 
    
 
 
 
Peak Velocity (L0 s
-1) 0.141 <0.001 25.57 0.056 <0.001 3.67 0.024 0.038 1.72 0.070 <0.001 4.98 
Peak Power (W kg-1) 0.128 <0.001 18.85 0.053 <0.001 3.42 0.026 0.001 1.82 0.069 <0.001 4.94 
Work (J kg-1) 0.067 0.001 4.72 0.027 <0.001 1.85 0.007 0.210 1.18 0.034 <0.001 2.18 
80% P0 
    
 
    
 
 
 
Peak Velocity (L0 s
-1) 0.106 0.001 11.52 0.066 <0.001 4.55 0.026 0.080 1.81 0.058 <0.001 3.77 
Peak Power (W kg-1) 0.146 0.011 29.10 0.097 <0.001 9.39 0.036 0.001 2.27 0.069 <0.001 4.87 
Work (J kg-1) 0.109 <0.001 12.42 0.048 <0.001 2.99 0.011 0.188 1.27 0.052 <0.001 3.34 
90% P0 
         
  
 
Peak Velocity (L0 s
-1) 0.079 0.014 6.12 0.041 0.177 2.59 0.033 0.208 2.15 0.054 0.003 3.45 
Peak Power (W kg-1) -- -- -- 0.090 0.001 7.96 0.034 0.275 2.20 0.034 0.275 2.20 
Work (J kg-1) 0.207 0.009 116.17 0.119 <0.001 15.33 0.003 0.929 1.07 0.061 0.030 4.06 
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Table 3.2. Regression results from statistical models of muscle-mass-specific work with force calculated relative to P0 at each 
temperature. Analyses included temperature as a continuous variable and individual as a random factor. For each variable, separate 
analyses were run for the entire temperature range and for three overlapping 8°C temperature intervals: 9 to 17°C, 13 to 21°C, and 17 
to 25°C. The (partial) regression coefficients from each regression were transformed into temperature coefficients (Q10) using the 
following equation: Q10 = 10^(regression coefficient*10). Temperature coefficients were considered significantly different from 1 if 
based on a regression coefficient with P-value < 0.05 (significant Q10 values in bold).  
 
  9 to 17°C 13 to 21°C 17 to 25°C 9 to 25°C 
Relative Load 
(% P0) 
Coef. P-value Q10 Coef P-value Q10 Coef P-value Q10 Coef P-value Q10 
10 0.027 <0.001 1.86 0.011 0.011 1.29 -0.005 0.509 0.90 0.011 0.003 1.29 
20 0.014 <0.001 1.39 0.006 0.010 1.16 -0.002 0.660 0.96 0.006 0.002 1.16 
30 0.011 <0.001 1.29 0.005 0.009 1.12 -0.001 0.725 0.97 0.005 0.002 1.12 
40 0.010 <0.001 1.25 0.004 0.009 1.11 -0.001 0.764 0.98 0.004 0.001 1.11 
50 0.009 <0.001 1.24 0.004 0.008 1.10 -0.001 0.789 0.98 0.004 0.001 1.10 
60 0.010 <0.001 1.26 0.005 0.008 1.11 -0.001 0.803 0.98 0.005 0.001 1.11 
70 0.012 <0.001 1.31 0.005 0.008 1.13 -0.001 0.805 0.98 0.005 0.001 1.13 
80 0.016 <0.001 1.45 0.007 0.008 1.19 -0.001 0.781 0.97 0.007 0.001 1.19 
90 0.036 <0.001 2.28 0.015 0.008 1.41 -0.003 0.664 0.92 0.016 0.001 1.44 
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Figures 
 
Figure 3.1. Representative muscle length and force data for two different imposed forces at 9°C 
(blue) and 25°C (red). (A) Muscle length. (B) Force. Data are plotted for the duration of muscle 
stimulation. Following the onset of stimulation, muscle force (A) increased until reaching the 
level of force imposed by the lever. At this point, muscle shortened at high initial velocity, but 
shortening velocity decreased throughout the duration of stimulation until length no longer 
changed (B). For all trials at 9°C and most at 13°C, muscle shortening did not end before the end 
of stimulation, but predicted additional shortening in these trials (average 4.5%) does not 
significantly affect results (see Materials and Methods for explanation). 
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Figure 3.2. The effect of rest period on performance in repeated bouts of muscle shortening. The 
muscle-mass-specific work done by a 0.342 g muscle shortening with a 6 N force decreased 
when rest period was five minutes, but stayed constant when rest period was ten minutes (grey 
area). Based on these results, a ten-minute rest period was used between tetanic contractions in 
all experiments. 
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Figure 3.3. The interaction of temperature and force on contractile properties. Force in this case 
is calculated relative to P0 at 17°C, hence load can exceed 1.0 at warmer temperatures. Actual 
(A) and interpolated (B) values of peak shortening velocity increase at high temperatures and 
low forces.  Actual (D) and interpolated (E) values of muscle-mass-specific peak power increase 
with greater temperature and at intermediate forces. Actual (G) and interpolated (H) values of 
muscle-mass-specific work are greatest at higher temperatures and intermediate forces. Which 
forces are intermediate, depends on temperature. Interpolated values were found by fitting 
temperature-force surfaces that included either a quadratic equation for relative force in models 
of work (H) and power (E), or a cubic polynomial equation for relative force in surfaces of 
velocity (B). To visualize temperature coefficients (Q10) on temperature-force plots, predicted 
values were extracted from surfaces of velocity, power, and work at constant forces ranging from 
0 to 150% P0. These values were log10-transformed and the first derivative with respect to 
temperature was calculated. Values of the first temperature derivative at each temperature step 
were transformed into Q10 values using the formula: Q10 = 10
(variable *10). Because Q10 values rise 
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to infinity as values approach zero, only regions with Q10 values less than 5 were plotted to aid in 
visualization. Temperate effects are lowest at high temperatures and low forces for velocity (C) 
and at intermediate forces and higher temperatures for power (F). For work (I), temperature 
effects were lowest at low forces and higher temperatures. Random jitter was added to plots of 
actual values to improve visualization of the data. Note that fitted surfaces in B, D, and H are 
based on combined data from all muscles to allow visualization of the general temperature-force 
effects on contractile properties. Separate surfaces were fit for each individual muscle (not 
shown) to extract values used for statistical analyses. 
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Figure 3.4. Force determines shortening velocity and the decreased length that results from 
shortening determines force capacity, thus muscle work is effectively a function of the resisting 
force and the shape of the muscle force-length curve.  (A) At a high temperature, a relatively 
high force (dashed line) is well below the isometric muscle force (P0) at optimum length (L0). 
The muscle can shorten at a velocity dictated by the force-velocity relationship, doing work (red 
plus blue shaded regions). Muscle length will continue to shorten until the muscle force capacity 
at that length is equal to the load, shortening velocity is zero, and no more work can be done. At 
a low temperature, less work (blue shaded region) can be done by the same muscle shortening 
with the same force. (B) The effect of temperature on muscle work depends on the relative force 
with which the muscle is shortening. The same muscle challenged with a relatively low force is 
able to do more work at both temperatures, but the relative difference between the work done at 
high and low temperatures is small compared that of the high-force condition (A). 
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Figure 3.5. Calculating force relative to peak muscle force (P0) measured at each temperature 
minimizes the interactions of temperature and force (Fig. 3.3D-I). Interaction of temperature and 
force on actual (A) and interpolated (B) values muscle-mass-specific power (A,B) and work 
(D,E). Interpolated values were found by fitting temperature-load surfaces that included a 
quadratic equation for relative force. Temperature coefficients (Q10 values) of power (C) and 
work (F) were calculated as in Fig. 3.3. Random jitter was added to plots of actual values (A,D) 
to improve visualization of the data. 
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CHAPTER FOUR: 
 
INTRASPECIFIC SCALING OF MUSCLE-MASS-SPECIFIC WORK AND POWER:  
 
SENSITIVITY TO REGRESSION METHOD AND HIGH VARIATION 
 
 
Abstract 
 Muscle work and power are important determinants of movement performance in 
animals. How these properties scale therefore determines, in part, the scaling of movement 
performance. Muscle-mass-specific work is predicted to remain constant across a range of scales, 
assuming geometric similarity, while muscle-mass-specific power is expected to decrease with 
increasing scale. We tested these predictions by examining muscle morphology and contractile 
properties of plantaris muscles from frogs ranging in mass from 1.28 to 20.60 g. Scaling of 
muscle work and power was examined using both linear regression on log10-transformed data 
(LR) and non-linear regressions on untransformed data (NLR). In LR, muscle-mass-specific 
work decreased with increasing scale, but this is counteracted by a positive allometry of muscle 
mass to predict constant movement performance at all scales. These relationships were non-
significant in NLR, though scaling with geometric similarity also predicts constant jump 
performance across scales. Both intrinsic shortening velocity and muscle-mass-specific power 
were positively allometric in both types of analysis. However, these differences are caused not 
by large changes in scaling slopes, but because of changing levels of statistical significance using 
corrections for multiple tests. The dependence of these results on the method of regression 
because of the setting of an arbitrary alpha demonstrates the importance of careful consideration 
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of statistical methods when analyzing patterns of scaling. Nonetheless, scale accounts for little 
variation in contractile properties overall over the range examined, indicating that other sources 
of intraspecific variation may be more important in determining muscle performance and its 
effects on movement. 
 
Introduction 
 The dimensions of an organism have dramatic consequences on form and function, 
including animal movements (Bonner, 2006; McMahon and Bonner, 1983; Schmidt-Nielsen, 
1984). For example, relatively small animals are able to accomplish movements that would be 
impossible for larger animals, like walking on the surface of water (Hu et al., 2003; Suter, 1999) 
or climbing on vertical or inverted surfaces (Autumn et al., 2006; Wang et al., 2015; Wang et al., 
2010). Conversely, many relatively large animals can move in ways that are impossible for 
smaller animals, such as using energy-saving mechanisms to run efficiently at high speeds 
(Reilly et al., 2007) or taking advantage of inertia when swimming at high Reynolds numbers 
(McHenry and Lauder, 2006; Williams, 1994). Hypotheses regarding the scaling animal 
movements describe the consequences of changing dimensions of musculoskeletal structures 
(Hill, 1950; McMahon, 1973; McMahon, 1975). The contractile properties of muscles that drive 
movements may therefore also change with body size to effectively actuate motion of the altered 
morphology (Altringham and Johnston, 1990; Altringham et al., 1996; Curtin and Woledge, 
1988; Hill, 1950; James et al., 1998; James and Johnston, 1998; James et al., 2015; Johnson et 
al., 1993; Marsh, 1988; Marsh, 1994; Van Wassenbergh et al., 2007).  
 The scaling of animal movements depends, in part, on the scaling of energy available 
from muscle to accomplish movements—muscle work. Hill (1950) predicted that geometrically 
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similar animals of different scale should be able to run at the same absolute speed and jump to 
the same absolute height based on the assumption of constant muscle-mass-specific work at all 
scales. In geometrically similar animals, both the energy required for movement and the amount 
of energy available from muscles to achieve that movement are proportional to body mass (Hill, 
1950). The relationship between energy required and energy available for movement therefore 
remains constant regardless of body size as long as the energy density of muscle, or muscle-
mass-specific work, is unchanged (Hill, 1950). The predictions of constant performance 
sometimes fail because morphology may not scale with geometric similarity (for example, 
Emerson, 1978; Emerson, 1985; Marsh, 1994), yet the assumption of constant muscle-mass-
specific work remains unconfirmed. 
 The scaling of movements often depends not only on the scaling of available muscle 
energy, but also on the scaling of muscle power, or the rate at which a muscle performs 
mechanical work. High acceleration movements, like jumping, require muscles to do work in a 
limited amount of time; therefore muscle power may limit movement performance (Askew and 
Marsh, 2002; Lutz and Rome, 1994; Wakeling and Johnston, 1998). Muscle-mass-specific power 
is expected to scale inversely to length (L-1) and decrease at larger scales under geometric 
similarity because the intrinsic velocity of proportionally longer muscle fibers is expected to 
decrease at larger scales (Hill, 1950). High muscle-mass-specific power may be more important 
for small animals because they have less time in which to do work to accomplish a similar 
movement compared to larger animals (Bennet-Clark and Lucey, 1967). The duration of the 
propulsive phase of a jump or during acceleratory running is proportional to limb length (Hill, 
1950; Marsh, 1994). For example, a 70 kg human jumping to a height of 0.6 m accomplishes 
propulsion in 350 ms, while a 12.9 g Cuban tree frog has only 60 ms in which to accomplish the 
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same 0.6 m jump because of its much shorter limbs (Biewener, 2003). This high requirement for 
muscle power is often circumvented in small animals through the use of stored elastic energy for 
power amplification, as in the jumping mechanism of fleas (Alexander and Bennet-Clark, 1977; 
Bennet-Clark and Lucey, 1967; Roberts and Azizi, 2011). Therefore, the scaling of muscle-mass-
specific power may be important for larger animals, but may not influence movement 
performance for smaller animals. 
 Testing these scaling predictions most directly would benefit from an animal system in 
which morphology scales with geometric similarity. Previous scaling analyses of 
musculoskeletal systems in ectotherms have revealed patterns of geometric similarity through 
ontogeny (for example, Deban and O'Reilly, 2005; Emerson, 1978; Reilly, 1995; Robinson and 
Motta, 2002). Here we use ontogenetic scaling in frogs to examine the scaling of muscle 
contractile properties, because we expect these ectotherms to also approach geometric similarity. 
We explicitly test the predictions that muscle-mass-specific work remains constant and muscle-
mass-specific power declines as animals get larger.  
 Fitting a non-linear “allometric equation” (y=axb, where b is the scaling exponent) is a 
direct way of examining the scaling relationships between two variables, but biological scaling 
has historically been analyzed using linear regression fit to log-transformed variables (using the 
equation log y = b log x + log a, where b is the scaling slope) (Packard et al., 2011). The merits 
and limitations of these alternative approaches have been the subjects of debate and no consensus 
has been reached (Glazier, 2013; Mascaro et al., 2014; Packard, 2013; Packard et al., 2011). Here 
we use both “traditional” linear regression on log-transformed data and non-linear regression on 
untransformed data to examine the sensitivity of scaling relationships to these alternative 
analytical methods. 
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Methods 
In vitro experiments 
 We examined the scaling of muscle contractile properties using the plantaris muscle from 
27 Cuban Tree Frogs (Osteopilus septentrionalis) (body mass = 1.28 - 20.60 g) wild-caught near 
Tampa, FL, USA. Frogs were housed in the lab for no more than two weeks prior to muscle 
experiments and fed gut-loaded crickets ad libitum every three days. Body mass was measured 
and frogs were humanely euthanized and double-pithed immediately prior to removing the 
muscle. The plantaris muscle was identified on the skinned hind limb in dissection under room 
temperature Ringer’s solution (Fischmeister and Hartzell, 1987) and a Kevlar (Weaverville 
Thread, Inc., Weaverville, NC, USA) thread was secured around the distal tendon of the 
plantaris. The tendon was freed from its distal attachment on the plantar surface, but the origin of 
the plantaris was left intact on the distal femur and the entire knee joint was excised from the 
hind limb. The sciatic nerve was left attached to this plantaris-knee complex.  
 The Kevlar thread was attached to a dual mode servomotor (Model 305C-LR, Aurora 
Scientific, Aurora, ON, Canada) and the knee joint was secured in a clamp. The sciatic nerve was 
placed in a silicone nerve cuff to receive stimulation from a bipolar pulse stimulator (Model 
701B, Aurora Scientific). The entire preparation was submerged in a bath of oxygenated 
Ringer’s solution and temperature was held at 20°C using a temperature-controlled water 
circulator (IsoTemp 1013S, Fischer Scientific, Waltham, MA, USA). 
 Muscle stimulation and data collection were controlled through a bespoke interface in 
LabVIEW software (v9.0, National Instruments, Austin, TX, USA). All muscles were stimulated 
with 1 ms pulses at 20 V. A series of isometric twitches at increasing muscle lengths were 
elicited to find the length to the nearest 0.5 mm at which isometric twitch force is greatest (L0). 
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All subsequent muscle contractions were conducted at L0 by adjusting muscle length until 
passive tension reached the value recorded at L0. Stimulus rate was determined by dividing 4000 
by the latency from stimulus onset to peak tension during an isometric twitch (values ranging 60-
100 pulses per second), as determined from previous analyses (Olberding and Deban, 2017). 
Tetanic contractions were stimulated at that rate for a duration of 1100 ms to ensure enough time 
for the muscle to fully shorten.  
 The peak isometric tetanic tension (P0) of the muscle was first measured and used to 
determine the series of forces for subsequent trials at 90, 75, 60, 45, 30, and 15% P0. Additional 
contractions at other intermediate forces were used for some muscles to ensure a robust dataset. 
The order in which forces were tested was chosen using a random number generator in Microsoft 
Excel to avoid the confounding effects of muscle fatigue. To avoid muscle fatigue, each muscle 
was allowed to rest between each tetanic stimulations, isometric or isotonic, for 10 minutes 
(Olberding and Deban, 2017).  
 
Morphological measurements 
 Plantaris muscle mass was measured following completion of all isotonic contractions. 
Average anatomical cross-sectional area of the muscle (CSA) was estimated by calculating the 
volume of the muscle, assuming a constant density of 1.056 g cm-2, divided by L0. Average 
pennation angle was measured from the muscle after they had been previously frozen. Muscles 
were stretched to L0 and the angle between fascicles and the posterior distal internal aponeurosis 
was measured at several locations under a dissecting microscope. The average physiological 
cross-sectional area (pCSA) was calculated by multiplying the CSA times the cosine of average 
pennation angle for each muscle. Muscle circumference was measured by tying a Kevlar thread 
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securely around the thickest part of the muscle while it was stretched to L0. The length of the 
portion of thread that had wrapped the muscle was measured to the nearest 0.5 mm. 
 
Analyses 
 All analyses were completed using bespoke scripts in R (R Core Team, 2013; www.r-
project.org). For isometric contractions P0 was the peak force reached by the muscle and the rate 
of force development was calculated as the first time derivative of a quintic spline fit to force. 
For each isotonic contraction of a particular muscle, average and peak muscle shortening 
velocity and muscle power, as well as muscle work were calculated. The velocity of muscle 
shortening was determined as the first time derivative of a quintic spline fit to the position of the 
servomotor lever. Muscle shortening power was determined by multiplying shortening velocity 
by the force imposed by the lever, which was constant throughout a trial. The work done by the 
muscle was calculated by multiplying the force imposed by the lever by the maximum 
displacement of the lever when shortening velocity had dropped to zero.  
 For each muscle, the force-velocity relationship was determined by fitting a third order 
polynomial to the peak velocity over force. Maximum unloaded velocity (Vmax) was predicted 
from this relationship when force is equal to zero (Fig. 4.1A). Third order polynomials were fit 
to both muscle power and muscle work over force to determine peak power and peak work (Fig. 
4.1B,C). This procedure was necessary because these peak values would not necessarily occur at 
the exact specified forces used in experiments. This also ensured that estimates of peak work and 
power were dependent on the entire series of muscle stimulations rather than being subject to the 
idiosyncrasies of a single contraction.  
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 Scaling relationships were examined using both least-squares linear regression (LR) on 
log10-transformed variables and by fitting non-linear regression (NLR) to untransformed 
variables. Body length was used as the measure of body size in all analyses because it is less 
susceptible to changes in physiological condition than body mass. For LR, all dependent 
variables were log10-transformed and tested for relationships with log10-transformed body length 
using the lm function in R (the nls function yielded identical results). For NLR, relationships 
between untransformed dependent variables and untransformed body length were examined 
using the nls function in R with seed values for parameters from the preceding linear fits. Slopes 
from linear regressions of log10-transformed data and exponents for power law fits were 
compared to expectations under geometric similarity: length (L) = L1, area = L2, volume = L3. To 
control for false discovery rate, alpha was adjusted for each set of comparisons using the 
Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995). 
 
Results 
 Scaling relationships between muscle properties and body size depended on the method 
of scaling exponent estimation (Table 4.1, Fig. 4.2, Fig. 4.3). Although slopes for scaling 
relationships were not significantly different between linear regression (LR) and non-linear 
regression (NLR), the significance of these slopes from expected values differed between 
regression methods after controlling for false discovery rate (Table 4.1). For many comparisons 
using NLR with 𝛼 = 0.05, correction for false discovery rate results in failure to reject the null 
hypothesis of geometric similarity (Table 4.1). Only intrinsic shortening velocity and muscle-
mass-specific power had similarly significant scaling relationships in both LR and NLR analyses 
(Table 4.1). Muscle-mass-specific power scaled with a positive allometry relative to the expected 
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relationship with body length (L-1) in both LR (b = -0.22 ± 0.15) and NLR (b = -0.27 ± 0.18) 
analyses (Table 4.1, Fig. 4.2B). Intrinsic shortening velocity followed a similar pattern, with 
significant positive allometry in both LR (b = -0.04 ± 0.07)and NLR (b = -0.03 ± 0.07) analyses 
(Fig. 4.2A). Although positively allometric compared to the predicted slopes, these slopes 
(scaling exponents) did not differ significantly from 0, i.e., muscle-mass-specific power and 
intrinsic shortening velocity did not increase with increasing body length (Table 4.1).  
 Muscle-mass-specific work was either independent of body length or scaled with 
negative allometry, depending on the analysis (Fig. 4.2C). When linear regression of log10-
transformed data was used, muscle-mass-specific work decreased with increasing body length. 
Muscle stress scaled with geometric similarity, but L0, and thus distance shortened, scaled with 
negative allometry (Fig. 4.3A). In LR analyses, pCSA and plantaris muscle mass were both 
positively allometric (Fig. 4.3), as were the peak and average rates of force development , but 
muscle fascicle angle had no significant relationship with body size (Table 4.1). When scaling 
relationships were examined using NLR, however, none of these relationships were significant. 
Overall, scale accounted for relatively little variation in muscle contractile properties even when 
regressions were significant (Table 4.2). 
 
Discussion 
 The scaling relationships of muscle morphological and contractile properties are strongly 
dependent on the choice of statistical methods used for analysis. However, scaling relationships 
are similar between LR and NLR methods for most variables, and the differences lie in 
comparisons of these scaling relationships to predicted values (Table 4.1). The choice of one set 
of statistical analyses over the other would result in fundamentally different biological 
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interpretations, primarily because of the choice of an alpha of 0.05 and accompanying 
adjustments for multiple testing. This demonstrates the potential danger of interpreting results 
without considering the sensitivity of those results to the subjective choices involved in statistical 
analyses. Interpretations for both sets of results are described below, highlighting the importance 
of these differences in statistical significance for predicting the biological consequences of 
scaling relationships. 
 
Scaling of muscle work 
 The prediction of constant energy density of muscle regardless of scale is confirmed 
when using NLR, but not when data are analyzed using LR methods. When a linear regression is 
fit to log10-transformed data, muscle length is negatively allometric, decreasing the distance 
shortened during muscle contraction relative to body length. Because muscle stress does not 
change with body size, the relatively decreased muscle shortening distance at larger body sizes 
results in negative allometry in muscle-mass-specific work. 
 Scaling of muscle-mass-specific work has important consequences for the scaling of 
movement performance. Muscle work determines the kinetic energy of movement, which is the 
basis for many measures of performance. Hill (Hill, 1950) predicted that geometrically similar 
animals of different size should be able to jump with the same absolute performance because of a 
predicted constant energy density of muscle. In contrast to this prediction, and perhaps to the 
intuitive expectation that larger animals should have greater performance, the negative allometry 
of muscle-mass-specific work suggests that larger animals should have lower absolute jump 
performance compared to smaller animals, if all else scales with geometric similarity. The 
positive allometry of frog plantaris muscle mass relative to body length seen in the LR results 
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may be necessary to counteract the lower muscle-mass-specific work at larger scales and to 
maintain constant movement performance at all scales. In the NLR analyses, energy density of 
muscle is independent of body size while muscle mass scales with geometric similarity, a 
combination that also predicts constant movement performance in frogs of all sizes. 
 
Scaling of Muscle Power 
 Muscle-mass-specific power, which is equivalent to intrinsic velocity (expressed in 
muscle lengths per second) multiplied by stress, would be expected to scale inversely to L-1 
because intrinsic shortening velocity of a muscle should scale to L-1 while stress is independent 
of body size (Hill, 1950). Contrary to those predictions we find both intrinsic velocity and 
muscle-mass-specific power to scale closer to L0 than to L-1. Intrinsic velocity in the current 
study is calculated relative to the length of the whole muscle (L0) rather than relative to the 
length of individual fibers, possibly influencing these relationships in this pennate muscle. 
However, for intrinsic velocity relative to fiber length to scale to L-1, fiber length would have to 
remain nearly constant across a range of body sizes, which is a physical impossibility given the 
scaling of muscle mass and cross-sectional area in these muscles. These results are an even 
greater deviation from isometry than previously reported for frog muscle (intrinsic velocity α M-
0.1) (Marsh, 1994), but are consistent with previous findings of intraspecific allometry in muscle 
contractile properties in other taxa, which reveal scaling slopes of muscle velocity and power 
that are either not different from zero or positive (Altringham et al., 1996; Bennett et al., 1989; 
Curtin and Woledge, 1988; Johnson et al., 1993; Van Wassenbergh et al., 2007).  
 Our finding that muscle-mass-specific power is independent of body size suggests that 
smaller animals may be more power-limited in their movements than larger animals because the 
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power requirements of movements are greater at smaller size. Because the time over which work 
can be done during fast acceleratory movements, like jumping, depends on limb length, duration 
of the movement scales as L1 while the required muscle-mass-specific energy scales as L0 
(energy required to move the mass of the body increases proportional to the muscle mass 
providing the energy). Therefore, the muscle-mass-specific power requirement of movement 
scales as L-1 (power=work/time), placing much higher power requirements on the muscles of 
smaller animals in order to achieve similar movements to larger animals. Small animals with 
absolutely smaller muscle mass may be unable to match the power required to achieve 
movements similar to larger animals because they do not have proportionally greater muscle-
mass-specific power. Many animals, including some frogs, utilize stored elastic energy to 
effectively amplify muscle power and achieve high movement performance (Alexander and 
Bennet-Clark, 1977; Deban et al., 2007; Roberts and Azizi, 2011). The plantaris muscle and its 
associated tendon are implicated as the major source of this elastic power amplification in frog 
jumping (Astley and Roberts, 2012; Roberts and Marsh, 2003). Therefore, muscle-mass-specific 
power and its scaling relationship may not impact jump performance in frogs that are utilizing 
elastic recoil. Alternatively, the scaling of muscle power may differ among muscles in the same 
species (Van Wassenbergh et al., 2007), raising the possibility that other hind limb muscles in 
frogs may be able to meet the requirements of high-performance jumping without elastic power 
amplification.  
 
Intraspecific variation 
 Body size may not have the most explanatory power regarding intraspecific variation in 
intrinsic muscle contractile properties. The expectation under geometric similarity is that muscle-
 91 
mass-specific work is not just independent of body size, but invariant among individuals of the 
same size. However, measurements of contractile properties are highly variable and even when 
scaling relationships are significant they explain little of the high intraspecific variation (Table 
4.2). If this high variation is common, then average values are not sufficient to describe muscle 
contractile properties in a species and scaling relationships are likely to be weak, complicating 
the study of these properties in a comparative context. Analyses of intraspecific scaling of 
intrinsic muscle contractile properties in other taxa have revealed similarly weak scaling 
relationships and high variability (Table 4.2). Scale effects may be detected if regression models 
include other important intraspecific variation such as sex, reproductive status, disease state, etc. 
Although some variation may be due to measurement error in muscle experiments and due to 
curve-fitting methods, identifying other sources of intraspecific variation in contractile properties 
remains an interesting and understudied question. 
 
Conclusions 
 Appropriate methods for analyzing biological scaling relationships have been the subject 
of debate (Glazier, 2013; Mascaro et al., 2014; Packard, 2013; Packard et al., 2011). Proponents 
of analyzing scaling relationships using non-linear fits to untransformed data using the allometric 
equation (y=axb) argue that the more traditional fit of a linear model to log-transformed data is 
often poor when the resulting regression coefficient is back-calculated to untransformed variable 
space (Packard et al., 2011). This method often results in scaling equations that are good at 
predicting responses on the y axis at small values of the independent variable on the x axis, but 
fail for larger values (Packard et al., 2011). This poor fit results because linear regression 
minimizes residuals in log-log space, which is not equivalent to minimizing residuals in the 
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untransformed space. Others have argued that the desired outcome of a log-transformation is to 
achieve homoscedasticity, because error in many biological measurements is naturally 
multiplicative (Lemaitre et al., 2015; White and Kearney, 2014; Xiao et al., 2011). Error about a 
large mean should be proportional to that value and, therefore, should be greater than error about 
a smaller mean (Lemaitre et al., 2015). Small animals should, and do, show less variation in 
jump performance, in absolute units, than large animals. Log-transformation allows for the 
fitting of regression models that give equal weight to this proportional variance, which becomes 
additive (i.e., homoscedastic) in log-log space. 
 Our results from two methods of determining scaling exponents have different underlying 
biological implications. Analysis using NLR predicts constant movement performance across 
scale because muscle-mass-specific work and muscle mass scale with predictions from 
geometric similarity. Alternatively, the analysis using LR predicts constant movement 
performance because the negative allometry of muscle-mass-specific work from LR requires 
larger animals to maintain relatively greater muscle mass than smaller animals. In both LR and 
NLR analyses, both intrinsic shortening velocity and muscle-mass-specific power are positively 
allometric compared to predictions from geometric similarity, although these properties are not 
likely to impact performance in this system because of the use of elastic recoil for power 
amplification. If the scaling relationships of these contractile properties are common to other 
taxa, then they may have greater impacts on performance in the absence of ameliorating effects 
such as relatively increased muscle mass or the power-amplifying effects of elastic recoil.  
 Differences in results from the two methods are caused not by differences in scaling 
slopes, but by changes in statistical significance using an arbitrarily chosen alpha of 0.05. For 
nearly all variables, estimated scaling relationships in both methods are of a similar magnitude, 
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but differ in their statistical significance from predicted slopes (Table 4.1). If other datasets are 
similarly affected by the choice of analysis, then care must be taken in interpretation of estimated 
scaling exponents of physiological properties. When researchers can provide no justification for 
preferring one method over another, they can temper confidence in their interpretations by 
providing both analyses to demonstrate the sensitivity to statistical method and arbitrary 
significance levels. Overall, however, body size accounts for little of the high variation in 
intrinsic muscle contractile properties. Identifying other sources of intraspecific variation may be 
more important when seeking to compare muscle properties between species or between muscles 
within the same species. 
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Tables 
Table 4.1. Results of linear regression on log10-tranformed variables and non-linear regression on untransformed variables against 
body length. Slopes from linear regression and scaling exponents from non-linear regression are compared to expected values under 
geometric similarity using t-tests with alpha adjusted using a Benjamini-Hochberg procedure for all 20 variables in each type of 
analysis. Slopes and scaling exponent for each variable from the two different types of analysis are compared using t-tests, indicating 
that the differences in interpretation between these two methods results from comparisons of scaling slopes to predicted values, not 
because of differences in estimated scaling slopes themselves.  
    Non-linear Regression 
Dependent Variable Exp. b b ± SE 95% CI t AIC adj.alpha p 
L0 1 0.91 ± 0.04 0.83 - 0.99 2.10 -280.84 0.020 0.047 
pCSA 2 2.25 ± 0.14 1.99 - 2.52 -1.85 59.21 0.023 0.076 
Muscle Mass 3 3.12 ± 0.12 2.89 - 3.35 -1.03 -533.99 0.043 0.311 
Circumference 1 0.97 ± 0.08 0.81 - 1.13 0.40 80.43 0.050 0.691 
Angle 0 -0.12 ± 0.10 -0.31 - 0.07 1.20 152.13 0.038 0.242 
CSA 2 2.29 ± 0.13 2.04 - 2.54 -2.27 -199.99 0.015 0.032 
Vmax -1 -0.03 ± 0.07 -0.18 - 0.11 -13.02 -10.77 0.003 <0.000 
Vmax  0 -0.03 ± 0.07 -0.18 - 0.11 0.42 -10.77 0.048 0.681 
Peak MS Power -1 -0.27 ± 0.18 -0.62 - 0.08 -4.13 318.92 0.005 <0.000 
Peak MS Power 0 -0.27 ± 0.18 -0.62 - 0.08 1.53 318.92 0.018 0.139 
Peak MS Work 0 -0.48 ± 0.19 -0.85 - -0.10 2.51 240.55 0.010 0.019 
Peak Stress 0 -0.27 ± 0.18 -0.62 - 0.07 1.55 13.28 0.030 0.134 
Power Ratio 0 0.01 ± 0.01 0.00- 0.03 -1.63 -208.36 0.028 0.115 
Velocity at Peak Power 0 -0.05 ± 0.06 -0.17 - 0.07 0.86 -148.08 0.045 0.400 
Force at Peak Power 0 -0.07 ± 0.07 -0.2 - 0.06 1.06 -78.07 0.040 0.299 
Time to 50% P0 0 -0.19 ± 0.11 -0.4 - 0.02 1.77 -158.74 0.025 0.090 
Time to 90% P0 0 -0.17 ± 0.11 -0.39 - 0.06 1.47 -97.2 0.033 0.154 
Time to Relax 50% P0 0 0.12 ± 0.09 -0.06 - 0.29 -1.31 -117.28 0.035 0.204 
Peak Rate of Force 2 2.39 ± 0.16 2.09 - 2.70 -2.52 172.41 0.008 0.019 
Average Rate of Force 2 2.59 ± 0.24 2.11 - 3.07 -2.41 147.23 0.013 0.024 
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Table 4.1 (continued) 
      Linear Regression   Model Comparison 
Dependent Variable Exp. b   b ± SE 95% CI t AIC adj.alpha p   t p 
L0 1 
 
0.89 ± 0.04 0.82 - 0.96 2.94 -141.91 0.020 0.007 
 
0.37 0.72 
pCSA 2 
 
2.54 ± 0.15 2.26 - 2.83 -3.71 9.18 0.013 0.001 
 
-1.44 0.16 
Muscle Mass 3 
 
3.47 ± 0.14 3.20 - 3.73 -3.39 -246.98 0.015 0.002 
 
-1.93 0.06 
Circumference 1 
 
0.96 ± 0.08 0.80 - 1.12 0.49 18.48 0.050 0.626 
 
0.07 0.95 
Angle 0 
 
-0.11 ± 0.09 -0.30 - 0.07 1.22 49.03 0.040 0.236 
 
-0.02 0.98 
CSA 2 
 
2.57 ± 0.14 2.29 - 2.85 -3.97 -101.91 0.010 0.001 
 
-1.46 0.15 
Vmax -1 
 
-0.04 ± 0.07 -0.18 - 0.10 -13.49 -21.88 0.003 <0.000 
 
0.11 0.92 
Vmax  0 
 
-0.04 ± 0.07 -0.18 - 0.10 0.59 -21.88 0.048 0.560 
 
0.11 0.92 
Peak MS Power -1 
 
-0.22 ± 0.15 -0.50 - 0.07 -5.37 117.65 0.008 <0.000 
 
-0.23 0.82 
Peak MS Power 0 
 
-0.22 ± 0.15 -0.50 - 0.07 1.49 117.65 0.025 0.149 
 
-0.23 0.82 
Peak MS Work 0 
 
-0.45 ± 0.18 -0.80 - -0.10 2.51 87.04 0.023 0.019 
 
-0.10 0.92 
Peak Stress 0 
 
-0.21 ± 0.15 -0.50 - 0.09 1.36 -14.34 0.035 0.185 
 
-0.29 0.77 
Power Ratio 0 
 
0.01 ± 0.01 0.00 - 0.03 -1.71 -106.65 0.028 0.099 
 
0.02 0.99 
Velocity at Peak Power 0 
 
-0.04 ± 0.06 -0.16 - 0.07 0.74 -81.19 0.045 0.466 
 
-0.09 0.93 
Force at Peak Power 0 
 
-0.08 ± 0.07 -0.22 - 0.07 1.07 -48.15 0.043 0.296 
 
0.06 0.95 
Time to 50% P0 0 
 
-0.18 ± 0.11 -0.39 - 0.03 1.68 -85.35 0.030 0.105 
 
-0.07 0.95 
Time to 90% P0 0 
 
-0.17 ± 0.12 -0.40 - 0.06 1.44 -57.86 0.033 0.163 
 
0.01 1.00 
Time to Relax 50% P0 0 
 
0.12 ± 0.09 -0.06 - 0.30 -1.33 -67.00 0.038 0.195 
 
-0.04 0.97 
Peak Rate of Force 2 
 
2.57 ± 0.11 2.35 - 2.78 -5.20 48.97 0.005 <0.000 
 
-0.91 0.37 
Average Rate of Force 2   2.51 ± 0.17 2.18 - 2.84 -3.04 38.50 0.018 0.006   0.27 0.79 
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Table 4.2. Coefficients of determination (R2) from regressions of intrinsic contractile properties 
with measures of body size and coefficients of variation (CV) in measurements of intrinsic 
contractile properties from various taxa. 
 
Species 
R2 with 
Body Size CV Source 
Peak Isometric Stress 
   
 
Ostepilus septentionalis 0.032 25.9 Current study 
 
Xenopus laevis (adductor magnus) 0.280 41.4 Altringham et al., 1996 
 
Xenopus laevis (sartorius) 0.110 20.9 Altringham et al., 1996 
 
Clarius gariepinus (m-hyp)1 0.700 
 
Van Wassenbergh et al., 2007 
 
Clarius gariepinus (m-pr-h)1 0.510 
 
Van Wassenbergh et al., 2007 
 
Clarius gariepinus (m-a-m)1 0.000 42.9 Van Wassenbergh et al., 2007 
 
Myoxocephalus scorpius <0.03 16.1 James et al., 1998 
 
Scyliorhinus canicula NS2 24.2 Curtin et al., 1988 
 
Ambystoma tigrinum (20°C) 0.102 29.44 Bennett et al., 1989 
 
Dipsosaurus dorsalis 0.073 23.4 Marsh, 1988 
Peak Muscle-Mass-Specific Power  
   
 
Ostepilus septentionalis 0.045 25.9 Current study 
 
Xenopus laevis (adductor magnus) 0.020 525.3 Altringham et al., 1996 
 
Xenopus laevis (sartorius) 0.010 238.5 Altringham et al., 1996 
 
Clarius gariepinus (m-hyp)1 0.570 
 
Van Wassenbergh et al., 2007 
 
Clarius gariepinus (m-pr-h)1 0.490 
 
Van Wassenbergh et al., 2007 
 
Clarius gariepinus (m-a-m)1 0.010 37.0 Van Wassenbergh et al., 2007 
 
Scyliorhinus canicula NS2 40.7 Curtin et al., 1988 
 
Ambystoma tigrinum (20°C) 0.029 35.53 Bennett et al., 1989 
 
Dipsosaurus dorsalis 0.014 23.4 Johnson et al., 1993 
Intrinsic Contractile Velocity 
   
 
Ostepilus septentionalis 0.020 10.6 Current study 
 
Myoxocephalus scorpius 0.560 
 
James et al., 1998 
 
Scyliorhinus canicula NS2 19.0 Curtin et al., 1988 
 
Ambystoma tigrinum (20°C) 0.060 18.33 Bennett et al., 1989 
 
Dipsosaurus dorsalis 0.377 
 
Marsh, 1988 
Peak Muscle-Mass-Specific Work 
   
 
Ostepilus septentionalis 0.168 29.3 Current study 
1) Contractile properties were reported for three different muscles from this species: hypaxial muscles (m-hyp), protractor hyoidei 
muscle (m-pr-h), and adductor mandibulae muscle (m-a-m). 
2) R2 values were not reported when relationships with body size were not statistically significant 
3) Bennett et al. (1989) estimated the CV excluding the variation explained by body size. 
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Table 4.3. Descriptive statistics of muscle morphological and contractile variables. 
Variable Mean ± SEM Min / Max 
Body Mass (g) 6.15 ± 1.04 1.28 / 20.6 
Body Length (mm) 46.93 ± 2.6 30.21 / 73.5 
L0 (mm) 21.07 ± 1.09 13.5 / 32 
pCSA (cm2) 0.04 ± 0.01 0.01 / 0.09 
Muscle Mass (g) 0.09 ± 0.02 0.01 / 0.28 
Circumference (mm) 8.52 ± 0.49 5 / 14 
Angle (degrees) 27.04 ± 0.73 21.13 / 36.75 
CSA (cm2) 0.04 ± 0 0.01 / 0.09 
L0Vmax (L0 s
-1) 1.71 ± 0.03 1.45 / 2.23 
P0 (N) 4.32 ± 0.55 1.1 / 10.58 
Stress (P0 cm
-2) 114.19 ± 5.69 71.81 / 223.5 
Peak MS Power (W kg-1) 328 ± 16.32 213.41 / 667.69 
Peak MS Work (J kg-1) 72.9 ± 4.11 36.42 / 133.34 
Time to 50% P0 (ms) 77.04 ± 2.38 57 / 106 
Time to 90% P0 (ms) 225.33 ± 7.33 138 / 319 
t Time to Relax 50% P0 (ms) 199.44 ± 5 151 / 246 
Peak Rate of Force (P0 s
-1) 29.61 ± 4.06 7.49 / 84.4 
Average Rate of Force (P0 s
-1) 12.43 ± 1.83 2.64 / 39.12 
 102 
Figures 
 
0 1 2 3 4 5
0.00
0.01
0.02
0.03
0.04
V
e
lo
c
it
y
 (
m
 s
-1
)
0 1 2 3 4
0.00
0.01
0.02
0.03
0.04
P
o
w
e
r 
(W
)
0 1 2 3 4
0.000
0.002
0.004
0.006
0.008
Force (N)
W
o
rk
 (
J
)
A
B
C
 103 
Figure 4.1. Examples of third-order polynomial curves fit to raw values of muscle contractile 
velocity (A), power (B), and work (C). Larger values are measurements from a 151 mg muscle 
and smaller values are measurements from a 19 mg muscle. Values of peak velocity, power, and 
work were measured from fit curves because peak values would not necessarily occur during 
contraction against one of the forces specified during the experiment. 
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Figure 4.2. Scaling of contractile properties, (A) unloaded contractile velocity (Vmax), (B) peak 
muscle-mass-specific power, and (C) peak muscle-mass-specific work, with significant 
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relationships with body length plotted on log-log scales. Red lines represent linear regression fit 
to log10-transformed data. Blue lines represent non-linear regression fit to untransformed data, 
then transformed to plot in log-log space. Shaded regions indicate 95% Confidence Intervals for 
the slope/scaling exponents. Vmax  and peak muscle-mass-specific power scale with positive 
allometry with respect to an expected slope of -1, but do not differ significantly from a slope of 0 
(dashed lines). The negative allometry of muscle-mass-specific work is only significant in linear 
regression fit to log10-transformed data. 
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Figure 4.3. Scaling of morphological variables, (A) muscle length (L0), (B) physiological cross-
sectional area (pCSA), and (C) muscle mass, with significant relationships with body length 
plotted on log-log scales. Red lines represent linear regression fit to log10-transformed data. Blue 
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lines non-linear regression fit to untransformed data, then transformed to plot in log-log space. 
Shaded regions indicate 95% Confidence Intervals for the slope/scaling exponents. Dashed lines 
represent expected scaling slopes under geometric similarity. The negative allometry of L0 and 
positive allometry of pCSA and muscle mass are only significant in linear regressions fit to 
log10-transformed data. 
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CHAPTER FIVE: 
 
THE EFFECTS OF SCALE AND TEMPERATURE IN ELASTICALLY POWERED  
 
JUMPING OF CUBAN TREE FROGS (OSTEOPILUS SEPTENTRIONALIS) 
 
 
Abstract 
 For small animals, rapid movements place high power demands on underlying muscles. 
Storage of muscle energy in elastic structures and the subsequent rapid release of that energy can 
effectively amplify muscle power. Elastic recoil can also confer thermal robustness to 
performance in behaviors occurring at variable temperatures. Muscle contractile performance 
tends to decrease at lower temperatures, but elastic recoil is less affected by temperature. Elastic 
recoil used for power amplification is most often found in smaller animals, suggesting that 
performance in larger animals using less elastic recoil would be more subject to changing 
temperatures. To examine the interaction between scale and temperature on performance, we 
recorded jumps from 1-34 g Cuban tree frogs (Osteopilus septentrionalis) at 10, 20, and 30°C 
and compared jump performance to predictions based on the effects of temperature and scaling 
on muscle properties. High muscle-mass-specific power requirements from measured jumps 
indicate that frogs use elastic recoil at all scales to achieve performance that would be impossible 
using only muscle, and elastic recoil allows small frogs to achieve the same level of performance 
as large frogs. Performance that is greater at all temperatures than predictions from models using 
only muscle power could result from some combination of elastic recoil and power directly from 
muscle, because the relative contributions of muscle power and elastic recoil cannot be discerned 
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by examining temperature effects on performance. Predicted performance from models of elastic 
recoil is significantly affected by changing temperature at all scales with temperature coefficient 
(Q10) values similar to predictions for muscle-powered jumping. Measured Q10 values are similar 
to those from both predictive models and there is no interaction between temperature and scale. 
Therefore, elastic recoil allows for jump performance that could not be achieved by muscle 
power alone at all temperatures and scales, but performance predictions from elastic recoil are 
not more thermally robust than predictions for muscle-powered jumping. 
 
Introduction  
 Many animals use the storage and release of energy from elastic structures (elastic recoil) 
to overcome the constraints of scale on movement performance (de Groot and van Leeuwen, 
2004; Deban et al., 2007; Lappin et al., 2006; Patek et al., 2004). The scale at which an animal 
lives affects all aspects of its biology, including the way it moves through its environment 
(Bonner, 2006; Schmidt-Nielsen, 1984), therefore many studies have examined the scaling 
relationships between morphology and locomotor performance (for example: Alexander, 1977; 
Alexander et al., 1979; Alexander et al., 1981; Alexander et al., 1977; Altshuler et al., 2010; 
Biewener, 1989; Garland, 1983; Garland, 1984; Heglund et al., 1974; Irschick and Jayne, 2000; 
McGuire, 2003; Toro et al., 2003; Wilson et al., 2000). In small animals, a shorter absolute time 
in which to accomplish jumps places high power demands on the muscles actuating movement, 
but many small animals use elastic recoil to overcome this constraint, including jumping insects 
(Bennet-Clark, 1976; Bennet-Clark and Lucey, 1967; Burrows, 2014; Evans, 1973), frogs 
(Astley and Roberts, 2012; James and Wilson, 2008; Peplowski and Marsh, 1997; Roberts and 
Marsh, 2003), birds (Henry et al., 2005), and mammals (Aerts, 1998). The high power of a 
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recoiling elastic structure is independent of the muscle power used to stretch that structure 
because stretch and release are temporally decoupled (Anderson and Deban, 2012; Astley and 
Roberts, 2012; Deban and Dicke, 1999; Deban and Dicke, 2004; Deban et al., 2007; Lappin et 
al., 2006; Roberts and Marsh, 2003; Scales et al., 2017). Thus, elastic recoil effectively amplifies 
muscle power, allowing animals to achieve otherwise impossible levels of performance. 
 In addition to power amplification, elastic recoil can confer thermal robustness to 
behaviors that must occur in changing temperature environments (Anderson and Deban, 2010; 
Deban and Lappin, 2011; Deban and Richardson, 2011; Deban and Scales, 2016; Scales et al., 
2017; Scales et al., 2016). Temperature can impact an animal’s performance, behavior, and 
fitness (Angilletta, 2009). Locomotor performance, particularly in ectotherms, depends on 
temperature, largely because muscle contractile performance is strongly impacted by changing 
temperature (Bennett, 1984; Bennett, 1985; Herrel et al., 2007; Huey and Stevenson, 1979; John-
Alder, 1989; Lutz and Rome, 1996; Navas et al., 1999; Rome and Bennett, 1990). For example, 
performance during swimming (John-Alder, 1989; Miller, 1982) and jumping (Hirano and 
Rome, 1984; Knowles and Weigl, 1990; Londos and Brooks, 1988; Putnam and Bennett, 1981; 
Whitehead et al., 1989) in frogs is significantly lower at colder temperatures. While muscle 
power is strongly dependent on temperature (Herrel et al., 2007; James et al., 2012; Olberding 
and Deban, 2017; Ranatunga, 1998; Renaud and Stevens, 1984; Swoap et al., 1993), the power 
of recoiling elastic structures is less temperature dependent (Alexander, 1966; Denny and Miller, 
2006; Rigby et al., 1959). Performance is maintained across changing temperatures through the 
use of elastic recoil in the feeding mechanisms of chameleons, toads, and salamanders (Anderson 
and Deban, 2010; Deban and Lappin, 2011; Deban and Richardson, 2011; Deban and Scales, 
2016; Scales et al., 2017; Scales et al., 2016). 
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 The efficacy of elastic recoil for thermal robustness may depend on scale. Elastic recoil 
may be more important for performance in small animals because absolutely longer durations 
reduce the power requirements of movement in larger animals, which are thus better able to meet 
power requirements using muscles directly. Alternatively, large animals may not be able to use 
elastic recoil for power amplification if they lack elastic structures of sufficient size or 
appropriate stiffness (Pollock and Shadwick, 1994a; Pollock and Shadwick, 1994b). Regardless 
of the cause of lower reliance on elastic recoil in larger animals, these animals, using less elastic 
recoil for power amplification, would also be more subject to the effects of temperature on 
performance. 
 Here we examine the interactive effects of scale and temperature on jump performance in 
Cuban tree frogs (Osteopilus septentrionalis). This species is known to jump with power 
exceeding muscle capabilities, implicating the use of elastic recoil for power amplification 
(Peplowski and Marsh, 1997; Roberts et al., 2011). Jumping is a useful movement to study 
because performance can be modeled using relatively few parameters (McGuire, 2003; Toro et 
al., 2003). We compare measured performance with predictions based on hind limb muscle 
properties with and without the use of elastic recoil. Comparing the effects of scale and 
temperature on measured performance to predicted results can reveal the source of jump energy 
(muscle power directly or elastic recoil) and potentially how this source changes with scale and 
temperature. 
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Methods 
Jump Performance 
 Jumping performance was measured from 278 Cuban tree frogs (body mass = 1 - 34 g) 
collected around Tampa, Florida from January to December, 2016. Individuals were housed for 
no more than three weeks in plastic containers at 23°C and fed gut-loaded crickets twice weekly 
ad libitum. Jumping was recorded using a three-dimensional (3D) motion capture system (5 
Eagle Digital Cameras, Motion Analysis Corporation, Santa Rosa, CA, USA) at 500 fps by 
tracking the motion of an infra-red-reflective marker (mass = 2 - 9 mg) placed on the dorsal 
surface of the frogs. All jumps were recorded in a temperature-controlled chamber 
(Environmental Growth Chambers, Chagrin Falls, OH, USA) and frogs were acclimated to the 
temperature of the chamber for at least two hours prior to performance measurements.  
 Jumps were recorded on three separate days for each frog with at least 24 hours of rest in 
their normal housing conditions between each session. Each frog jumped only three or four times 
in each session to avoid the effects of fatigue on performance. Jumps were recorded at 10, 20, 
and 30°C, but each individual frog was only tested at one of these temperatures. This minimized 
the amount time the frogs were in the lab to reduce the effects of physiological changes 
associated with captivity. Performance was collected from 78 frogs at 10°C, 88 at 20°C, and 112 
at 30°C. 
 Following collection of jump performance, all frogs were euthanized and body mass and 
body length were measured. Jump recordings were digitized using EVaRT v5.0.0 (Motion 
Analysis Corporation, Santa Rosa, CA, USA). Jump velocity traces from recordings were 
visually assessed and trials were excluded from analysis if frames were missing from the region 
where peak jump velocity would occur. Position in any other frames in which the reflective 
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marker could not be identified was interpolated using a cubic spline, but recordings were not 
analyzed if there were more than five contiguous missing frames. 
 Digitized 3D position of the marker through time was exported for analysis in R (R Core 
Team, 2016; www.r-project.org). The change in 3D position from one frame to the next was 
calculated using the Pythagorean Theorem, this 3D velocity was smoothed, and the first 
derivative of velocity (acceleration) was determined using a quintic spline (Pspline package). 
Instantaneous velocity was multiplied by instantaneous acceleration to calculate body-mass-
specific power. Total muscle mass of both hind limbs for each frog from a subset of individuals 
and the allometric relationship between muscle mass and body length (see below) was used to 
calculate total hind limb extensor muscle mass for each individual, assuming that limb extensors 
make up 85% of hind limb muscles (Peplowski and Marsh, 1997). The ratio between body mass 
and hind limb extensor muscle mass was used to calculate muscle-mass-specific power for each 
individual. Peak velocity attained during the jump was used to calculate the total kinetic energy 
of the jump, and this was divided by the estimated total hind limb extensor muscle mass to 
calculate muscle-mass-specific work. For each individual, data from the jump with the greatest 
peak jump velocity were used for statistical analysis. 
 Peak jump velocity was log10-transformed and a linear model including temperature and 
log10-transformed body mass was fit to the data. To determine if the effect of scale on 
performance depends on temperature, models were first run with temperature as a categorical 
variable and with the interaction term. When the interaction was not significant, models were run 
again without the interaction. Another set of models were run with temperature as a continuous 
variable so that partial regression coefficients (PRC) could be used to calculate Q10 values using 
 114 
the following equation: Q10=10
(PRC*10). These models were run separately for data from 10-20 
and 20-30°C in order to calculate Q10 values over those intervals. 
 
Predictive Models 
 The theoretical limits of possible jump performance at different scales and temperatures 
were predicted using three models. The first model assumed that all energy in a jump comes 
directly from muscle without any elastic recoil (Muscle Model). Jump performance was modeled 
using equations from Marsh (1994) that predict takeoff velocity, Vt, from muscle power. The 
average power, W, used during the jump is calculated from the equation: 
  𝑊 =
𝑀𝑏𝑉𝑡
2
2𝑡𝑐
      Eq. 1 
Where Mb is body mass and tc is contact time, the total duration of the propulsive phase of the 
jump. Contact time is calculated from the equation: 
 
  𝑡𝑐 =
𝑉𝑡𝑀𝑏
𝐹𝑡
      Eq. 2 
 
The average force applied to the ground during the jump, Ft, is calculated from the equation: 
 
  𝐹𝑡 =
𝑀𝑏𝑉𝑡
2
2𝐿
      Eq. 3 
 
Where L is the length of the hind limb. These equations can be combined and simplified to solve 
for Vt: 
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  𝑉𝑡 = (
𝑊4𝐿
𝑀𝑏
)
1
3⁄
      Eq. 4 
 
 Equation 4 was used to predict peak jump velocity (assumed to equal to Vt) for a range of 
body lengths from 20 - 95 mm. Because the variables in Equation 4 can change with body 
length, allometric equations of the form y=axb were fit to each variable (y) where x is body length 
and b is the scaling exponent. Body length was used to describe relationships between scale and 
morphology/physiology because this measure of scale is less sensitive to changes in body 
condition or physiological state than Mb. The allometric equation for Mb relative to body length 
was calculated using data from all 278 frogs. The length of one hind limb and mass of the all the 
muscles of that limb were measured on a group of 31 freshly-euthanized frogs, in addition to Mb 
and body length, and this mass was doubled to account for the muscles of the other limb. The 
total extensor muscle mass (Mm) was estimated to be 85% of total muscle mass from both limbs 
(Peplowski and Marsh, 1997). Absolute average power (W) was calculated by multiplying 
average muscle-mass-specific power by Mm. The allometric equation for muscle-mass-specific 
power was obtained from a previous analysis of contractile properties (Chapter 4). Average 
muscle-mass-specific power was assumed to be 50% of peak muscle-mass-specific power 
measured from in vitro experiments in this species (Chapter 4).  
 Peak jump velocity was predicted for the range of body lengths at 10, 20, and 30°C by 
adjusting values of average muscle-mass-specific power, which depends on temperature and the 
force of contraction. We assumed that muscles used for jumping operate on average against 
forces that are 50% of peak isometric tetanic tension (P0), because power output is maximized 
near this tension (Olberding and Deban, 2017). Because previous analyses used a different range 
of temperatures, we used Q10 values for contractions at 50% P0 from 9-17°C for the 10-20°C 
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adjustment of muscle power and Q10 values from 17-25°C for the 20-30°C adjustment 
(Olberding and Deban, 2017).   
 The second model assumed that all jump energy passed from the muscles through an 
elastic-recoil mechanism (Elastic Model). In a perfect elastic-recoil mechanism, jump power is 
decoupled from muscle power and no energy is lost. Therefore, the total kinetic energy of the 
jump is equal to the work done by the muscles during contraction. Muscle work was calculated 
by multiplying muscle-mass-specific work by Mm, and as above, these parameters varied 
according to allometric equations (Chapter 4). As with muscle power, muscle-mass-specific 
work depends on both temperature and the force of contraction, so Q10 values assuming an 
average force of 50% P0 were used to predict kinetic energy at 10, 20, and 30°C (Olberding and 
Deban, 2017). Because tension of the elastic structure depends on how much it is stretched, 
muscles must initially shorten against low forces before reaching 50% P0 and then continue to do 
work against higher forces as shortening continues and tension on the elastic structure increases. 
This is distinct from the isotonic conditions under which in vitro measurements of muscle-mass-
specific work were made where the muscle does work by shortening against a constant resistive 
force (Olberding and Deban, 2017; Chapter 4). Therefore, we reduced predicted work by half to 
account for the low levels of work done during shortening against low and high forces before and 
after reaching 50% of P0. Peak jump velocity (Vt) was calculated from kinetic energy (E) using 
the equation: 
    𝑉𝑡 = √
2𝐸
𝑀𝑏
     (Eq. 5) 
 A third model (Hybrid Model) assumed that the available Mm was divided into a fraction 
that acts directly and a remaining fraction that acts through elastic recoil, a situation that 
approaches the reality of muscles divided among different hind limb joints in living frogs. The 
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model assumed that the activity duration of muscles using elastic recoil defined the duration of 
the propulsive phase of the jump and limited the time over which other muscle can do work 
directly. The jump energy that would result from only the proportion of Mm acting through 
elastic recoil was first calculated (Elastic Model) and tc for the jump that would result from only 
that energy was determined (Eq. 2 and 3). This tc was applied to the remaining proportion of Mm 
acting directly to calculate the additional energy that could be added to the jump (Muscle 
Model). The proportion of Mm acting through elastic recoil was allowed to change with body 
length, so that 70% of muscle energy passed through elastic recoil at the smallest body length, 
but only 40% of muscle energy went through elastic recoil at the largest body length. These 
calculations were done while Mm, Mb, L, muscle-mass-specific work and power varied with 
body length, as above, and while values of muscle-mass-specific work and power changed at 10, 
20, and 30°C. 
 The relationships between performance, scale, and temperature in each model were 
examined by fitting linear regressions to log10-transformed predicted Vt and log10-transformed 
predicted Mb at each temperature. Although body length was used to predict values for 
parameters at different scales, Mb was used to compare performance and scale because it more 
directly determines the energy required for movement. Allometric equations and Q10 values for 
predicted Vt in each of the three models were compared to measurements of peak jump velocity 
from in vivo jumps. These predictions were used only to describe the range of possible patterns 
of performance that could be achieved using these different sources of jump energy at different 
scales and temperatures. Thus, predictive models were not fit statistically to the in vivo data 
because the measured performance could result from any proportion of muscle and elastic energy 
sources.  
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Results 
 There was no interaction between temperature and body mass on measured peak jump 
velocity; scaling slopes were similar at all three temperatures (F2,272 = 0.353, p = 0.703). 
Measured peak jump velocity did not change significantly with body mass (F1,274 = 1.40, p = 
0.238) (Fig. 5.1A). Overall, body mass accounted for little variation in measured peak jump 
velocity at each temperature (R2 = 0.09, 0.05, and 0.06, from separate linear regressions at 10, 
20, and 30°C, respectively). Measured peak jump velocity was significantly affected by 
temperature between both the 10-20 and 20-30°C intervals (Table 5.1, Table 5.2).  
 Models using only muscle power predicted a greater increase in jump velocities at larger 
body masses than was seen in in vivo jumps (slope = 0.11) (Fig. 5.1B). Predicted temperature 
coefficients (or temperature sensitivity) from the Muscle Model were similar to those seen in 
recorded jumps (Table 5.2).  Also, predicted values of jump velocity from this model were lower 
overall than those of recorded jumps (Fig. 5.1B). Values from the Muscle Model only 
approached average in vivo levels at the largest body masses. 
 Models which assumed that all muscle energy in a jump passes through elastic recoil 
predicted a slight decrease in jump velocities at larger body masses (slope = -0.01) (Fig. 5.1C). 
Temperature coefficients predicted from the Elastic Model were similar to both the Muscle 
Model and the in vivo jumps for both the 10-20 and 20-30°C intervals (Table 5.2). Predicted 
jump velocity from the Elastic Model was ~30% greater than in vivo results at all body masses. 
 Combining muscular and elastic sources of jump energy (Hybrid Model) results in jump 
velocities intermediate to predictions from the Muscle Model and Elastic Model, assuming all 
available muscle mass is used. When jump velocity is modeled with lower proportions of muscle 
acting through elastic recoil at larger scales temperature coefficients are greater at larger body 
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masses (Table 5.2, Fig. 5.1D). This effect manifests as non-linearity in relationship between 
jump velocity and body mass (Fig. 5.1D). Although predicted temperature coefficients differ 
depending on body mass, the magnitude of these differences is small compared to the variation 
in measured jump velocity at any particular body mass.  
 Peak muscle-mass-specific power of all in vivo jumps exceeded the predicted power 
output of the hind limb extensor muscles (Fig. 5.2). The magnitude of this power difference was 
similar at all body masses. Conversely, peak muscle-mass-specific work was less than the 
predicted work output of the hind limb extensor muscles (Fig. 5.3). Measured muscle-mass-
specific work was closer to predictions from in vitro contractile studies at larger body masses. 
 
Discussion 
 A source of power other than muscle is required to achieve the measured jump 
performance in Cuban tree frogs, providing further evidence that elastic recoil is used in part for 
power amplification for jumping (Peplowski and Marsh, 1997; Roberts et al., 2011). The peak 
muscle-mass-specific power required to achieve the measured performance is greater than what 
can be produced by frog muscles at any scale (Table 5.1, Fig. 5.2). Muscle power came close to 
predicting jump performance in the largest frogs (Fig 5.1), but this was assuming that frogs are 
able to use all available muscle simultaneously, which is unlikely given that not all limb joints 
extend simultaneously. While power exceeding muscle capabilities has been observed in this 
species previously (Peplowski and Marsh, 1997; Roberts et al., 2011), our results reveal that this 
trend is also true across individuals at all scales examined.  
 Elastic recoil allows smaller frogs to achieve performance similar to larger frogs despite 
the high requirements of muscle power in small animals (Fig. 5.1A). The lack of a relationship 
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between jump velocity and body mass, but high variation in performance, suggests that other 
aspects of intraspecific variation are more important for determining jump performance. Scale 
explains little of the high variation in muscle-mass-specific power and work in the hind limb 
muscles of Cuban tree frogs (Chapter 4). This variation, combined with variation in behavior, 
kinematics, and other aspects of physiology may determine inter-individual differences in jump 
performance regardless of scale. 
 Multiple constraints on in vivo muscle performance result in animals appearing to be 
“over-built” in terms of muscle mass. Even with the use of power amplification, frogs are not 
able to take advantage of all the muscle energy measured from hind limb muscles during in vitro 
contractile studies (Fig. 5.3) (Olberding and Deban, 2017; Chapter 4). The total muscle-mass-
specific work done during jumps is a fraction of the work predicted to be available from all hind 
limb extensor muscles at all scales and temperatures. The predictive models assumed that 
muscles are able to do work that is half of the peak work done against ~50% P0 forces under 
isotonic conditions. This is based on the premise that as a muscle contracts against its tendon, the 
muscle moves through the full range of lengths and forces until tension on the muscle-tendon 
unit is equal to P0, but the measured force-length trajectories of the muscle-tendon units during in 
vivo contraction may be very different. The arrangement of the limb muscles along linked 
segments likely prevents the simultaneous activation of all muscles and limits the duration and 
range of movement of some muscles, as demonstrated by the proximal to distal progression of in 
vivo joint activity during frog jumping (Astley and Roberts, 2014).  
 Although elastic recoil provides power amplification that increases jump performance at 
all temperatures, jumps using elastic recoil do not have a particularly low thermal sensitivity 
compared to muscle-powered movements.  Temperature coefficients on predicted performance 
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in the Muscle Model and Elastic Model were similar (Table 5.2) even though the Q10 values of 
muscle contractile power, a rate dependent property, are twice as great as Q10 values for muscle 
work, a force dependent property (Olberding and Deban, 2017). Because the Muscle Model 
depends on muscle power, we may expect the predicted jump performance to be similarly 
affected by temperature. However, lower muscle power at lower temperature leads to less work 
done per unit time, but also more time to do that work; lower muscle power results in lower 
velocity during the jump and thus a longer contact time (Eq. 2). Therefore, the relatively large 
temperature coefficients of muscle contractile power do not lead to similarly large temperature 
coefficients of the resulting jump velocity. Additional experiments would be necessary to 
determine if in vivo muscle power and contact time vary in this way to produce performance 
similar to these predictions. 
 The magnitude of the temperature coefficients of measured performance cannot reveal 
the relative contributions of elastic and muscle energy because the predicted temperature 
coefficients for both sources are similar. The lack of an interaction between temperature and 
scale, however, is also consistent with the source of jump energy remaining the same across 
scale. The measured level of performance strongly implicates some elastic recoil, but these 
values may be obtained whether or not the proportion of elastic and muscle energy remains 
constant at all scales. Predicted temperature coefficients for the Hybrid Model are greater at 
larger body masses as the amount of energy passing through elastic recoil decreases; however, 
these effects are quite small and are unable to be discerned through the variation in measured 
jump performance at any given body mass (Fig. 5.1D). A complete shift from elastic to muscle 
energy at larger sales may result in appreciable differences in temperature coefficients on jump 
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performance at different scales. However, such a dramatic shift is unlikely because the Muscle 
Model fails to predict measured jump performance at all scales (Fig. 5.1B). 
 If the lower muscle work and power at lower temperatures seen in frogs are common to 
other animals, thermal robustness may only be obtained when movement depends entirely on 
elastic recoil. Unlike frog hind limbs where multiple muscles at multiple joints can contribute 
power to the movement at different times (Astley and Roberts, 2014), salamander tongue 
projection relies on a single source of energy (Deban et al., 1997; Lombard and Wake, 1976; 
Scales et al., 2016; Wake and Deban, 2000). In plethodontid salamanders, tongue projection is 
powered by bilaterally paired projector muscles that contract to accelerate the tongue linearly out 
of the mouth (Deban et al., 1997; Lombard and Wake, 1976; Wake and Deban, 2000). Some 
species in this family achieve tongue projection using muscle alone, while others used elastic 
energy stored in the spiraling aponeuroses of the projector muscles to amplify muscle power 
(Deban and Scales, 2016; Scales et al., 2017; Scales et al., 2016). Tongue projection performance 
in plethodontids using stored elastic energy is consistently higher and more robust to changing 
temperature than performance in species that use only muscle power, despite the fact that the 
temperature sensitivity of tongue muscle physiology in both systems is similar to other vertebrate 
muscles (Chapter 2). 
 If elastic recoil is used to propel an appendage or structure, rather than move the entire 
body, then scale, temperature, and the interaction between the two may have little effect on 
performance. Like salamanders, chameleons and toads use stored elastic energy to propel their 
tongues (de Groot and van Leeuwen, 2004; Lappin et al., 2006), trap-jaw ants use elastic energy 
to rapidly close their jaws (Gronenberg et al., 1993), and mantis shrimp use elastic energy to 
rapidly strike prey with their appendages (Patek et al., 2004). In these systems, the efficacy of 
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elastic recoil for both power amplification and thermal robustness may be maintained at different 
scales by independently controlling the proportions of muscle mass and projectile mass. 
Additionally, the separation of the muscle mass providing energy from the projectile being 
moved may allow for “over built” muscles that can take advantage of relatively low temperature 
coefficients of contractions against low forces (Olberding and Deban, 2017). The low muscle-
mass-specific work requirements of tongue projection in salamanders suggests that the projector 
muscles may be contracting against low forces relative to P0 and thus may minimize the effects 
of temperature on muscle-mass-specific work (Deban and Scales, 2016; Chapter 2; but see: 
Anderson et al., 2014; Scales et al., 2017; Scales et al., 2016). 
  Overall, these results indicate that elastic recoil is important for power amplification at 
all scales and temperatures, but elastic recoil does not confer thermal robustness in these frogs. 
Small frogs utilize elastic recoil to overcome the constraints of scale that using muscle power 
would impose on jump performance, and all frogs achieve performance that would be impossible 
using muscle alone. However, even though performance using elastic recoil is greater than 
predictions from muscle alone at all temperatures, this performance is still significantly affected 
by temperature. Therefore, elastic recoil for power amplification can provide a performance 
advantage at low temperatures, but temperature effects on this performance are not particularly 
low compared to performance in muscle-powered frogs. 
 Because the predicted effects of temperature on jumps powered by muscle alone or fully 
through elastic recoil are similar, it is unclear if the proportions of muscle and elastic energy 
change depending on scale. Muscle-mass-specific work from measured jumps is consistently 
lower than in vitro work output of available hind limb extensor muscles, so jump performance 
may result from a combination of work from muscle directly and from elastic recoil. The sources 
 124 
of jump work cannot be determined by examining temperature effects on performance in this 
system, but may be revealed using force plate data and an inverse dynamic approach to compare 
the work done at joints using elastic power (ankle) and muscle power (knee and hip). 
Additionally, morphological and in vitro mechanical analysis of elastic structures, specifically 
the tendon and aponeuroses of the plantaris muscle, may reveal different potential for elastic 
energy storage at different scales. 
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Tables 
Table 5.1. Minimum, maximum, and mean values of jump kinematic variables. 
 
  10°C (N=78)  20°C (N=88)  30°C (N=112) 
Variable Min/Max Mean±SEM 
 
Min/Max Mean±SEM 
 
Min/Max Mean±SEM 
Average Jump Velocity (m s-1) 0.188/1.405 0.482±0.23 
 
0.314/2.094 0.947±0.454 
 
0.345/2.805 1.039±0.46 
Peak Jump Velocity (m s-1) 1.28/2.7 2.17±0.28 
 
2.16/3.54 2.76±0.3 
 
2.04/3.63 3.06±0.35 
Kinetic Energy (J) 0.001/0.109 0.022±0.022 
 
0.002/0.158 0.028±0.032 
 
0.001/0.176 0.031±0.028 
Muscle-Mass-Specific Work (J kg-1) 3.1/13.9 8.9±2.2 
 
8.6/24.6 14.6±3.1 
 
8.8/33.5 18.5±4.2 
Peak Jump Power (W) 0.05/3.39 0.86±0.77 
 
0.18/13.52 1.48±1.89 
 
0.11/60.71 2.72±7.38 
Muscle-Mass-Specific Power (W kg-1) 61.4/2399.1 421.1±274.1 
 
332.3/3653.5 853.7±481.2 
 
407.1/5232.4 1151.2±634.2 
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Table 5.2. Temperature coefficient (Q10) values for measured peak jump velocity (p < 0.001 for 
all partial regression coefficients) and predicted from the Muscle, Elastic, and Hybrid Models. 
There was no significant interaction between body mass and temperature in regressions of 
measured jump performance (Fig. 5.1A), therefore Q10 values are similar at all scales. Predicted 
Q10 values from the Hybrid Model are presented for body masses of 1 and 30 g to illustrate the 
predicted interactive effect of scale and temperature in that model (Fig. 5.1D). 
 
Peak Jump Velocity 10 to 20°C 20 to 30°C 
Measured 1.28 1.11 
Muscle Model 1.52 1.15 
Elastic Model 1.41 1.01 
Hybrid Model (1.0 g) 1.41 1.03 
Hybrid Model (30.0 g) 1.46 1.09 
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Figures 
 
 
 
Figure 5.1. Measured and predicted values of peak jump velocity for frogs ranging from 1 to 34 
g at 10, 20, and 30°C. (A) Body mass had no significant effect on jump velocity (F1,274 = 1.40, p 
= 0.238) and there was no interaction between body mass and temperature in the full model 
(F2,272 = 0.353, p = 0.703). (B) Measured values of jump performance with lines representing 
predicted performance from the Muscle Model. This model consistently under-predicts peak 
jump velocity, though predictions become better at larger body masses (slope = 0.11). (C) 
Measured values of jump performance with lines representing predicted jump velocity from the 
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Elastic Model. This model consistently over-predicted performance and predicted slightly lower 
performance at larger body masses (slope = -0.01). (D) Measured values of jump performance 
with lines representing predicted jump velocity from the Hybrid Model. Smaller proportions of 
muscle energy going through elastic recoil with at larger body masses results in a non-linear 
relationship between scale and performance and larger effects of temperature at larger body 
masses. 
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Figure 5.2. Muscle-mass-specific power required to achieve measured jump performance 
assuming contribution from all hind limb extensor muscles. Muscle-mass-specific power of 
jumps was significantly lower at smaller body masses (Slope = -0.11, F1,274 = 10.93, p = 0.001), 
but there was no interaction between body mass and temperature (F2,272 = 0.539, p = 0.58). 
Dashed lines indicate the predicted muscle-mass-specific power for frogs of that body mass at 
each temperature (Chapter 4). Measured values of jump muscle-mass-specific power consistently 
exceed what should be possible from hind limb muscles alone. 
  
10°C
20°C
30°C
1 2 5 10 20
50
100
200
500
1000
2000
5000
Body Mass (g)
P
e
a
k
 M
u
s
c
le
-M
a
s
s
-S
p
e
c
if
ic
 P
o
w
e
r 
(W
 k
g
-1
)
 136 
 
 
Figure 5.3. Muscle-mass-specific work of jumps was not significantly affected by temperature 
(F1,274 = 0.373, p = 0.54) and there was no interaction between body mass and temperature (F2,272 
= 0.243, p = 0.78). Dashed lines indicate the predicted muscle-mass-specific work for frogs of 
that body mass at each temperature (Chapter 4). Measured values of jump muscle-mass-specific 
work are only a fraction of the potential work that could be done by all hind limb extensor 
muscles, based on in vitro contractile studies. 
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CHAPTER SIX: 
 
GENERAL DISCUSSION 
  
  
 The goal of this dissertation was to reveal the effects of temperature and scale on muscle 
contractile properties and use this information to understand patterns of movement performance 
at different temperatures and scale in a system that uses elastic recoil. The effects of temperature 
on muscle contractile properties were examined experimentally in two different systems: 
salamander tongue muscles (Chapter 2) and frog leg muscles (Chapter 3). The effects of scale on 
muscle contractile properties were also studied in frog leg muscles (Chapter 4). The temperature 
and scaling effects on the contractile properties of frog leg muscles were then used to predict 
jump performance in Cuban tree frogs (Osteopilus septentrionalis) at different temperatures and 
body masses. These predictions were compared to in vivo measurements of jump performance to 
explain the patterns of temperature and scale effects on jump performance. 
  In vitro and in situ experiments on salamander tongue muscles reveal that species differ 
in their muscle contractile properties, but these patterns do not predict the performance 
differences between elastic and non-elastic tongue projection (Chapter 2). Overall, salamander 
tongue muscles are like other vertebrate muscles in contractile performance and thermal 
sensitivity. In vitro stimulation of Cuban tree frog plantaris muscles reveals that interactions 
between force and temperature affect the mechanical work done by muscle (Chapter 3). At low 
temperatures (9 – 17°C), muscle work depends on temperature when shortening at any force, and 
temperature effects are greater at higher forces. At warmer temperatures (13 – 21°C), muscle 
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work depends on temperature when shortening with intermediate and high forces (≥ 30% peak 
isometric tetanic force). The effect of temperature on muscle contractile properties therefore 
depends on the relative load experience by a muscle during contraction. 
 The scaling of muscle contractile properties was examined using in vitro stimulation of 
Cuban tree frog muscle. Results from analyses using linear regression on log10-transformed data 
or non-linear regression on untransformed data both predict no effect of scale on jump 
performance in Cuban tree frogs (Chapter 4). Comparisons with expected scaling slopes differed 
between the two methods because of changing levels of statistical significance using corrections 
for multiple tests, but scaling slopes for individual variables did not differ significantly between 
the two. However, scale accounts for little variation in contractile properties over the range of 
scales examined, indicating that other sources of intraspecific variation may be more important 
in determining muscle performance and its effects on movement.  
 When scale and temperature effects on muscle contractile properties are used to predict 
movement performance, temperature effects on predicted performance are similar regardless of 
the presence of elastic recoil, but in vivo movement performance is greater in the elastic model at 
all temperatures than in a model using only muscle power (Chapter 5). Predicted performance 
from models of elastic recoil is significantly affected by changing temperature at all scales with 
temperature coefficient (Q10) values similar to predictions for muscle-powered jumping. 
Measured Q10 values are similar to those from both predictive models and there is no interaction 
between temperature and scale. Therefore, interactive effects of scale and temperature on jump 
velocity may not be expected for in vivo jump performance—differences in relative contributions 
of muscle and elastic sources to total jump energy at different scales cannot be assessed by 
examining the effects of temperature on jump performance across scale. While elastic recoil is 
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important for providing increased performance at all temperatures and scales over what could be 
achieved using only muscle power, the performance achieved through elastic recoil is still 
significantly affected by changing temperature.  
 
Implications for Other Systems 
 The interaction of scale and temperature (or lack thereof) on movement performance 
using elastic power amplification in other animals may be similar to Cuban tree frog jumping, if 
the effects of temperature and scale on muscle properties are similar. Because muscles used to 
store elastic energy in salamander tongues and frog legs do not differ in contractile properties or 
thermal effects on those properties from other vertebrate muscle (Chapter 2, Chapter 3), it is 
likely that muscles used in other elastic recoil systems are also similarly affected by temperature. 
Because the work done by a muscle depends on temperature, performance of elastically powered 
movements will also be affected by temperature. However, the strength of these temperature 
effects depends on the relative loading of the muscles involved; temperature effects are 
minimized when muscles contract against relatively low loads (Chapter 3). This may be seen in 
some salamander tongue-projection systems where high muscle-mass-specific energy of tongue 
projection suggests projector muscles that are “overbuilt” relative to the loads they experience 
(Deban and Scales, 2016). When the mass of the muscle powering movement is included in the 
mass of the projectile, muscle may not be able to be similarly overbuilt and may experience 
stronger effects of temperature on elastically powered movements. 
 The effects of scale on the contractile properties of frog leg muscle followed similar 
patterns to other vertebrate muscle, though scale itself explained little of the high intraspecific 
variation in tissue-level properties (Chapter 4). If other systems also lack relationships between 
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muscle contractile properties and scale, then movement performance is predicted to scale 
proportionally (i.e., independent of scale in the case of peak movement velocity). Scaling effects 
in some systems, like salamander tongue projection, however, may not be similar to those on 
whole-animal ballistic movements because the mass of muscles powering movement and the 
mass of the projectile may change independently of each other. 
 Predictions of peak velocity for either elastically or muscle-powered frog jumps are based 
on general principles of physics and should hold true for any other ballistic movement. 
Therefore, while a performance advantage would be expected in any system using elastic recoil 
for power amplification at any temperature, movement velocity resulting from these systems 
should not be much less affected by temperature than muscle-powered movements. For example, 
the differences in the temperature effects on tongue projection velocity between elastic and non-
elastic tongue-projecting species of salamander are less than the dramatic differences in the 
temperature effects on tongue projection power (Deban and Scales, 2016; Scales et al., 2017; 
Scales et al., 2016). As with frog jumping, peak velocity of a ballistic projectile is determined by 
both acceleration and the time over which acceleration occurs. Lower muscle power at colder 
temperatures decreases acceleration, but also increases the time over which the projectile 
accelerates, ameliorating the detrimental effects of low temperature on muscle contractile 
velocity.  
 
Thermal Ecology 
 Jump performance, and thus performance outcomes and likely fitness, are significantly 
affected by temperature in Cuban tree frogs, even though elastic recoil provides thermal 
robustness to behaviors in other systems (Anderson and Deban, 2010; Deban and Lappin, 2011; 
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Deban and Scales, 2016). The effects of temperature on predicted jump velocity between 10 and 
20°C using elastic recoil are similar to those predicted for frogs using only muscle power 
(Chapter 5). This is mostly because of the relatively large effects of temperature on muscle work 
when contracting against intermediate and high forces (Chapter 3). At 10°C the hind limb 
muscles do less work and thus less energy is stored and recovered from elastic recoil, reducing 
the kinetic energy of movement. These results suggest that Cuban tree frogs are less able to 
capture prey and avoid predators using jumping as temperature decreases from 20 to 10°C. 
However, it is important to note that even though jump velocity using elastically powered 
jumping is significantly affected by temperature, this performance is still much greater that what 
could be achieved using only muscle power at any temperature.  
 In a jump, muscle power determines not only the rate at which energy is transferred, but 
also the time over which work is done, because power determines acceleration (Marsh, 1994). A 
lower muscle power at a colder temperature will result in less work done per unit time, but also 
more time in which to do work. Although temperature effects on muscle power may be stronger 
than temperature effects on muscle work, this dual role of muscle power reduces the effects of 
temperature on performance (measured as peak velocity). This is true of all ballistic systems 
where the duration of propulsion depends on muscle power, and performance in these non-elastic 
systems should be affected by temperature similarly to the jumping of Cuban tree frogs. 
 Temperature effects on movement performance can cause differences in behavior during 
critical events such as predator evasion. For example, lizards switch from fleeing to defensive 
biting as temperature decreases due to the temperature dependence of sprinting performance and 
temperature independence of bite force (Crowley and Pietruszka, 1983; Herrel et al., 2007; Hertz 
et al., 1982; Mautz et al., 1992). Similarly, tree frogs will switch from fleeing to immobility as a 
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defense at lower temperature (Gomes et al., 2002). The crypsis and biting that are adopted at low 
temperature are presumably less effective than fleeing, otherwise we would expect animals to 
use these temperature-independent defenses at all temperatures. Therefore, temperature effects 
on performance and behavior are likely to have important impacts on individual fitness and we 
may expect selection to favor traits that reduce the thermal sensitivity of locomotor performance. 
 Jump performance is clearly reduced at 10°C, but Cuban tree frogs may not rely on 
locomotion for predator escape at this low end of the temperature range. This species is typically 
active on warm evenings when ambient temperature is closer to 20 or 30°C, where jump 
performance is high. In their invaded range in Florida, this species experiences temperature of 
10°C and lower on winter nights and early mornings, but individuals are typically confined to 
refuges during these periods. When capturing frogs on cold mornings, individuals typically do 
not attempt to flee when dislodged from refuges, appearing instead to rely on crypsis to avoid 
predation (Cooper et al., 2008). It is worth noting that these frogs will eventually jump to avoid 
capture when repeatedly accosted at these low temperatures and my observations indicate that a 
single jump followed by crypsis has been repeatedly successful for avoiding a human predator. 
 Although different species of frogs may be adapted to different temperature environments 
(Angilletta, 2009; Bennett, 1990), jump performance using elastic recoil or muscle power in 
other species should follow similar patterns seen here. Cuban tree frogs are likely adapted to 
their historical thermal environment (John-Alder et al., 1988) and for any other frog species, we 
may expect a similar pattern of muscle properties and resulting jump performance being 
maintained across preferred temperature ranges. However, the similarity in predicted temperature 
effects between elastically and muscle-powered jumps in Cuban tree frogs is a result of the 
physics of jumping, rather than their muscle physiology. As long as both muscle power and 
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muscle work are similarly affected by a particular temperature differential, the relationship 
between muscle-powered and elastically powered jump performance will be the same. The 
effects of temperature on elastically powered jumps would only be different from the 
temperature effects on muscle-powered jumps if muscle work were maximized at a different set 
of temperatures than the range at which muscle power is maximized, but this is not seen in 
Cuban tree frog plantaris muscle (Chapter 3) and is unlikely in other vertebrate muscle. 
 
Future Directions 
 The results of this work suggest many future directions of inquiry because of the diverse 
role of elastic energy in animal movements. In addition to providing a performance boost as 
discussed above, elastic recoil can function to attenuate power during an impact, such as landing 
from a jump, deceleration, or downhill movement (Konow et al., 2012; Konow and Roberts, 
2015; Roberts and Azizi, 2010; Roberts and Konow, 2013). In this situation, active muscle is 
stretched to absorb the energy of impact and thus avoid transferring energy to rigid skeletal 
elements, which may fracture. Similar to power generation, muscle is limited in the rate at which 
it can absorb energy and exceeding these limits can result in muscle damage (Lieber and Friden, 
2002). In some situations, however, tendon can function to reduce the power requirements placed 
on the muscle. The tendon stretches rapidly upon impact and temporary stores that energy 
followed by slower dissipation of energy as the tendon recoils and stretches active muscle 
(Konow et al., 2012).  
 The physiological limits for energy absorption by muscle are unclear, making it difficult 
to predict the effects of scale and temperature on power attenuation. Power attenuation can be 
seen as the reverse process of power amplification, therefore it may be that larger individuals 
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with longer limbs have a longer amount of time over which to absorb the energy of impact, 
assuming that the limb functions as a collapsing spring. This may mean that the muscle-mass-
specific negative power requirements (the rate at which a unit muscle mass absorbs energy) are 
lower in larger individuals, mirroring the lower positive power requirements during jumping. 
However, while the muscle-mass-specific negative work ability of muscle appears to be slightly 
greater than the positive work ability (Konow and Roberts, 2015), it is unclear what the limits of 
muscle-mass-specific negative power might be. How these muscle properties are affected by 
temperature has also not been studied, but it may be assumed that these muscle properties would 
also decrease at colder temperature across a biologically relevant range.  
 Elastic recoil can help to minimize the energetic costs of locomotion (Cavagna et al., 
1977; Heglund et al., 1982; Roberts and Azizi, 2011). Kinetic energy from one cycle is stored in 
the stretched tendon and recovered to increase kinetic energy in the following cycle. Unlike 
power amplification and attenuation, cyclical energy recovery by elastic mechanisms requires 
muscle to function isometrically, rather than doing work (Roberts et al., 1997). The muscle 
functions as a strut to support the tendon as the tendon is stretched by kinetic energy of the body 
and subsequently recoils (Roberts et al., 1997). The role of this mechanism and the effects of 
body size have been thoroughly reviewed elsewhere (see: Bullimore and Burn, 2005; Dudek and 
Full, 2006; Reilly et al., 2007; Roberts and Azizi, 2011). This mechanism may function similarly 
in organisms of all sizes, however the realized energy savings may be important only for larger 
animals (Reilly et al., 2007). 
 The temperature effects on elastic recoil used for energy recovery are likely to be related 
only to the thermal dependence of the magnitude and rate isometric force development and not 
the thermal dependence of muscle work. At lower temperature, isometric force production tends 
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to decrease, as does the rate at which isometric force develops (James et al., 2012; Rall and 
Woledge, 1990; Chapter 2; Chapter 3). For a muscle acting as a strut to support spring, this may 
mean that less energy may be stored in the spring before stretching of the muscle occurs and 
energy is lost to eccentric contraction, thus reducing the kinetic energy and performance of 
locomotion. Animals using elastic recoil for energy recovery may do more muscle work during 
each cycle to maintain a similar level of work per cycle, and thus performance, to that of warmer 
temperatures. Alternatively, movement performance may be decreased as less energy is stored 
and recovered each cycle so that muscles may continue to contract isometrically and maintain 
efficiency. 
 
Conclusion 
 Overall, I have found that elastic recoil is important for providing high performance in 
the jumping of Cuban tree frogs. This performance is similarly high in frogs of all body masses, 
but elastic recoil does not make this performance, measured as peak jump velocity, particularly 
robust to changing temperature compared with muscle-powered jumping. These patterns are a 
product of the effects of temperature and scale on muscle contractile properties and how these 
properties result in movement in an elastically powered jumper. These conclusions are important 
because they may be extended to other systems with similar muscle properties and mechanical 
demands. Systems using elastic recoil for power amplification in ballistic movements should be 
similarly affected by temperature and scale, though the effects may be different when the mass of 
the muscle powering movement is not included in the projectile mass (e.g. salamander tongue 
projection). This work raises interesting questions about the impact of temperature and scale in 
other elastic recoil systems, including those used for power attenuation and energy recovery. 
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Pursuing these areas of research will add to the results of this dissertation in highlighting the 
important role of connective tissues and energy storage in animal movement in light of the 
overarching variables, temperature and scale. 
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APPENDIX A: 
 
SUPPLEMENTAL MATERIALS: CHAPTER TWO 
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Table A1. Mean, minimum, and maximum values of contractile variables for the SAR muscle of 
each species at each temperature. 
  5°C 10°C 
  Mean±SEM Min/Max (N) Mean±SEM Min/Max (N) 
Ensatina eschscholtzii 
    
Electromechanical Delay (s) 0.013±0.001 0.007/0.018 (11) 0.01±0.001 0.008/0.014 (12) 
Fproj (N) 0.07±0.006 0.054/0.112 (11) 0.073±0.007 0.056/0.122 (12) 
Time to 90% Fproj (s) 0.241±0.01 0.207/0.314 (11) 0.162±0.009 0.135/0.219 (12) 
Time to 50% Fproj (s) 0.104±0.004 0.086/0.129 (11) 0.071±0.003 0.056/0.091 (12) 
Average Rate 90% (N s-1) 0.264±0.029 0.152/0.423 (11) 0.419±0.051 0.225/0.769 (12) 
Peak Rate 50% (N s-1) 0.437±0.049 0.226/0.723 (11) 0.671±0.077 0.349/1.271 (12) 
Average Rate 50% (N s-1) 0.343±0.04 0.2/0.558 (11) 0.532±0.065 0.301/1.009 (12) 
Time to Relax to 50% (s) 0.214±0.005 0.186/0.241 (11) 0.138±0.003 0.12/0.154 (12) 
Peak Relax 50% (N s
-1) -0.399±0.03 -0.592/-0.255 (11) -0.591±0.067 -1.155/-0.392 (12) 
Average Relax 50% (N s-1) -0.157±0.015 -0.271/-0.106 (11) -0.257±0.027 -0.462/-0.172 (12) 
Desmognathus 
quadramaculatus 
    Electromechanical Delay (s) 0.016±0.001 0.01/0.029 (12) 0.012±0.001 0.007/0.022 (11) 
Fproj (N) 0.074±0.004 0.056/0.096 (12) 0.085±0.006 0.057/0.119 (11) 
Time to 90% Fproj (s) 0.302±0.022 0.201/0.457 (12) 0.178±0.012 0.116/0.23 (11) 
Time to 50% Fproj (s) 0.103±0.005 0.072/0.123 (12) 0.058±0.003 0.043/0.069 (11) 
Average Rate 90% (N s-1) 0.222±0.012 0.144/0.287 (12) 0.428±0.035 0.31/0.67 (11) 
Peak Rate 50% (N s-1) 0.467±0.016 0.383/0.554 (12) 0.909±0.05 0.715/1.231 (11) 
Average Rate 50% (N s-1) 0.347±0.01 0.286/0.404 (12) 0.704±0.046 0.54/1.013 (11) 
Time to Relax to 50% (s) 0.338±0.019 0.236/0.483 (12) 0.203±0.01 0.165/0.252 (11) 
Peak Relax 50% (N s
-1) -0.26±0.029 -0.492/-0.137 (12) -0.487±0.055 -0.841/-0.319 (11) 
Average Relax 50% (N s-1) -0.111±0.01 -0.193/-0.064 (12) -0.211±0.023 -0.356/-0.141 (11) 
Eurycea guttolineata 
    Electromechanical Delay (s) 0.014±0.001 0.008/0.024 (15) 0.01±0.001 0.004/0.017 (15) 
Fproj (N) 0.058±0.006 0.03/0.101 (15) 0.067±0.008 0.03/0.131 (15) 
Time to 90% Fproj (s) 0.176±0.014 0.081/0.243 (15) 0.127±0.012 0.05/0.186 (15) 
Time to 50% Fproj (s) 0.061±0.004 0.031/0.094 (15) 0.043±0.004 0.022/0.086 (15) 
Average Rate 90% (N s-1) 0.314±0.033 0.135/0.573 (15) 0.51±0.061 0.185/0.959 (15) 
Peak Rate 50% (N s-1) 0.751±0.069 0.247/1.149 (15) 1.202±0.146 0.423/2.161 (15) 
Average Rate 50% (N s-1) 0.509±0.049 0.186/0.829 (15) 0.842±0.1 0.231/1.453 (15) 
Time to Relax to 50% (s) 0.223±0.015 0.172/0.379 (15) 0.148±0.013 0.102/0.277 (15) 
Peak Relax 50% (N s
-1) -0.33±0.033 -0.521/-0.123 (15) -0.585±0.089 -1.331/-0.182 (15) 
Average Relax 50% (N s-1) -0.13±0.014 -0.217/-0.042 (15) -0.244±0.034 -0.48/-0.062 (15) 
Average Rate 90% and Average Rate 50% are the average rate of force development measured from start of stimulation to time of 
90 and 50% of Fproj, respectively. Peak Rate 50% is the peak rate of force development measured from start of stimulation to time of 
50% Fproj. Peak Relax 50% and Average Relax 50% are the peak and average rates of force decline measured from the end of 
stimulation to the time where force had declined to 50% of Fproj. 
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Table A1 (continued) 
  15°C 20°C 
  Mean±SEM Min/Max (N) Mean±SEM Min/Max (N) 
Ensatina eschscholtzii 
    
Electromechanical Delay (s) 0.01±0 0.003/0.015 (38) 0.007±0.001 0.004/0.015 (12) 
Fproj (N) 0.06±0.004 0.027/0.13 (38) 0.063±0.006 0.041/0.109 (12) 
Time to 90% Fproj (s) 0.107±0.003 0.062/0.151 (38) 0.096±0.005 0.069/0.128 (12) 
Time to 50% Fproj (s) 0.048±0.001 0.026/0.068 (38) 0.04±0.002 0.029/0.053 (12) 
Average Rate 90% (N s-1) 0.522±0.04 0.221/1.225 (38) 0.61±0.086 0.355/1.224 (12) 
Peak Rate 50% (N s-1) 0.825±0.066 0.339/2.315 (38) 0.992±0.131 0.635/2.057 (12) 
Average Rate 50% (N s-1) 0.643±0.052 0.263/1.624 (38) 0.804±0.11 0.53/1.594 (12) 
Time to Relax to 50% (s) 0.096±0.002 0.078/0.118 (38) 0.08±0.002 0.064/0.095 (12) 
Peak Relax 50% (N s
-1) -0.717±0.045 -1.625/-0.299 (38) -0.753±0.08 -1.541/-0.445 (12) 
Average Relax 50% (N s-1) -0.293±0.022 -0.747/-0.133 (38) -0.365±0.036 -0.726/-0.244 (12) 
Desmognathus quadramaculatus 
    Electromechanical Delay (s) 0.008±0 0.004/0.012 (22) 0.006±0 0.004/0.009 (14) 
Fproj (N) 0.081±0.005 0.045/0.128 (22) 0.094±0.005 0.057/0.121 (14) 
Time to 90% Fproj (s) 0.113±0.007 0.061/0.163 (22) 0.139±0.014 0.058/0.209 (14) 
Time to 50% Fproj (s) 0.035±0.001 0.023/0.044 (22) 0.032±0.002 0.02/0.039 (14) 
Average Rate 90% (N s-1) 0.647±0.032 0.417/1.018 (22) 0.658±0.054 0.434/0.938 (14) 
Peak Rate 50% (N s-1) 1.386±0.058 1.048/2.046 (22) 1.844±0.066 1.445/2.318 (14) 
Average Rate 50% (N s-1) 1.109±0.042 0.827/1.567 (22) 1.43±0.035 1.174/1.616 (14) 
Time to Relax to 50% (s) 0.126±0.008 0.084/0.208 (22) 0.1±0.006 0.073/0.138 (14) 
Peak Relax 50% (N s
-1) -0.635±0.051 -1.239/-0.35 (22) -0.945±0.117 -2.02/-0.633 (14) 
Average Relax 50% (N s-1) -0.308±0.021 -0.507/-0.176 (22) -0.474±0.041 -0.867/-0.336 (14) 
Eurycea guttolineata 
    Electromechanical Delay (s) 0.006±0.001 0.002/0.02 (20) 0.004±0 0.001/0.007 (14) 
Fproj (N) 0.074±0.007 0.029/0.131 (20) 0.077±0.012 0.035/0.167 (14) 
Time to 90% Fproj (s) 0.091±0.005 0.05/0.128 (20) 0.085±0.006 0.056/0.136 (14) 
Time to 50% Fproj (s) 0.031±0.001 0.019/0.044 (20) 0.026±0.001 0.017/0.036 (14) 
Average Rate 90% (N s-1) 0.772±0.072 0.236/1.258 (20) 0.933±0.189 0.269/2.653 (14) 
Peak Rate 50% (N s-1) 1.867±0.17 0.513/3.166 (20) 2.332±0.34 0.952/5.089 (14) 
Average Rate 50% (N s-1) 1.253±0.114 0.357/2.123 (20) 1.572±0.257 0.584/3.777 (14) 
Time to Relax to 50% (s) 0.086±0.005 0.06/0.167 (20) 0.075±0.007 0.052/0.133 (14) 
Peak Relax 50% (N s
-1) -0.931±0.068 -1.333/-0.204 (20) -1.151±0.204 -2.863/-0.298 (14) 
Average Relax 50% (N s-1) -0.448±0.042 -0.773/-0.102 (20) -0.566±0.099 -1.347/-0.145 (14) 
Average Rate 90% and Average Rate 50% are the average rate of force development measured from start of stimulation to time of 
90 and 50% of Fproj, respectively. Peak Rate 50% is the peak rate of force development measured from start of stimulation to time of 
50% Fproj. Peak Relax 50% and Average Relax 50% are the peak and average rates of force decline measured from the end of 
stimulation to the time where force had declined to 50% of Fproj. 
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Table A1 (continued) 
  25°C 
  Mean±SEM Min/Max (N) 
Ensatina eschscholtzii 
  
Electromechanical Delay (s) 0.006±0 0.003/0.009 (11) 
Fproj (N) 0.06±0.008 0.035/0.112 (11) 
Time to 90% Fproj (s) 0.085±0.01 0.054/0.175 (11) 
Time to 50% Fproj (s) 0.033±0.002 0.026/0.042 (11) 
Average Rate 90% (N s-1) 0.738±0.158 0.174/1.842 (11) 
Peak Rate 50% (N s-1) 1.197±0.223 0.497/2.779 (11) 
Average Rate 50% (N s-1) 0.95±0.174 0.378/2.099 (11) 
Time to Relax to 50% (s) 0.071±0.004 0.055/0.094 (11) 
Peak Relax 50% (N s
-1) -0.682±0.088 -1.281/-0.446 (11) 
Average Relax 50% (N s-1) -0.369±0.047 -0.68/-0.226 (11) 
Desmognathus quadramaculatus 
  Electromechanical Delay (s) 0.004±0 0.002/0.006 (13) 
Fproj (N) 0.091±0.007 0.048/0.12 (13) 
Time to 90% Fproj (s) 0.174±0.017 0.052/0.236 (13) 
Time to 50% Fproj (s) 0.029±0.002 0.017/0.042 (13) 
Average Rate 90% (N s-1) 0.496±0.034 0.364/0.856 (13) 
Peak Rate 50% (N s-1) 2.149±0.124 1.509/2.825 (13) 
Average Rate 50% (N s-1) 1.501±0.053 1.276/1.843 (13) 
Time to Relax to 50% (s) 0.09±0.007 0.066/0.145 (13) 
Peak Relax 50% (N s
-1) -1.019±0.125 -1.969/-0.568 (13) 
Average Relax 50% (N s-1) -0.51±0.049 -0.872/-0.279 (13) 
Eurycea guttolineata 
  Electromechanical Delay (s) 0.004±0.001 0.001/0.008 (9) 
Fproj (N) 0.067±0.013 0.035/0.178 (10) 
Time to 90% Fproj (s) 0.069±0.006 0.038/0.096 (10) 
Time to 50% Fproj (s) 0.022±0.001 0.016/0.03 (10) 
Average Rate 90% (N s-1) 0.94±0.172 0.332/2.065 (10) 
Peak Rate 50% (N s-1) 2.43±0.405 1.289/5.863 (10) 
Average Rate 50% (N s-1) 1.597±0.3 0.624/4.015 (10) 
Time to Relax to 50% (s) 0.074±0.011 0.051/0.143 (10) 
Peak Relax 50% (N s
-1) -1.143±0.295 -3.51/-0.267 (10) 
Average Relax 50% (N s-1) -0.55±0.136 -1.649/-0.146 (10) 
Average Rate 90% and Average Rate 50% are the average rate of force development measured from start of stimulation to time of 
90 and 50% of Fproj, respectively. Peak Rate 50% is the peak rate of force development measured from start of stimulation to time of 
50% Fproj. Peak Relax 50% and Average Relax 50% are the peak and average rates of force decline measured from the end of 
stimulation to the time where force had declined to 50% of Fproj. 
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Table A2. Mean, minimum, and maximum values of contractile variables for the RCP of each 
species at each temperature. 
  5°C 10°C 
  Mean±SEM Min/Max (N) Mean±SEM Min/Max (N) 
Ensatina eschscholtzii 
    
Electromechanical Delay (s) 0.015±0.001 0.01/0.027 (13) 0.01±0.001 0.005/0.018 (14) 
P0 (N) 0.23±0.023 0.074/0.36 (13) 0.265±0.027 0.093/0.412 (14) 
Time to 90% P0 (s) 0.134±0.005 0.101/0.162 (13) 0.085±0.004 0.06/0.109 (14) 
Time to 50% P0 (s) 0.06±0.003 0.042/0.078 (13) 0.04±0.002 0.03/0.057 (14) 
Average Rate 90% (N s-1) 0.762±0.077 0.286/1.227 (13) 1.413±0.159 0.557/2.31 (14) 
Peak Rate 50% (N s-1) 1.213±0.128 0.429/1.82 (13) 2.252±0.324 0.852/4.42 (14) 
Average Rate 50% (N s-1) 0.967±0.111 0.312/1.58 (13) 1.731±0.235 0.56/3.166 (14) 
Time to Relax to 50% (s) 0.249±0.009 0.211/0.324 (13) 0.169±0.01 0.08/0.233 (14) 
Peak Relax 50% (N s
-1) -0.436±0.044 -0.669/-0.116 (13) -0.771±0.132 -2.279/-0.197 (14) 
Average Relax 50% (N s-1) -0.219±0.024 -0.359/-0.065 (13) -0.359±0.054 -0.912/-0.111 (14) 
Specific Tension (N cm-2) 8.443±1.139 2.756/15.944 (13) 10.317±1.406 3.477/18.247 (14) 
Desmognathus quadramaculatus 
    Electromechanical Delay (s) 0.011±0.001 0.007/0.016 (21) 0.007±0.001 0.004/0.016 (18) 
P0 (N) 0.24±0.011 0.114/0.311 (21) 0.286±0.012 0.189/0.369 (18) 
Time to 90% P0 (s) 0.129±0.005 0.108/0.187 (21) 0.086±0.004 0.072/0.124 (18) 
Time to 50% P0 (s) 0.053±0.003 0.033/0.082 (21) 0.037±0.002 0.025/0.054 (18) 
Average Rate 90% (N s-1) 0.856±0.053 0.401/1.219 (21) 1.529±0.098 0.667/2.103 (18) 
Peak Rate 50% (N s-1) 1.448±0.091 0.803/2.613 (21) 2.51±0.149 1.252/3.345 (18) 
Average Rate 50% (N s-1) 1.159±0.068 0.65/1.944 (21) 1.984±0.117 1.047/2.647 (18) 
Time to Relax to 50% (s) 0.354±0.022 0.233/0.707 (21) 0.278±0.017 0.202/0.503 (18) 
Peak Relax 50% (N s
-1) -0.297±0.027 -0.594/-0.114 (21) -0.462±0.028 -0.726/-0.189 (18) 
Average Relax 50% (N s-1) -0.171±0.013 -0.305/-0.081 (21) -0.245±0.011 -0.357/-0.142 (18) 
Specific Tension (N cm-2) 7.811±0.429 2.64/10.946 (21) 9.322±0.447 5.727/13.068 (18) 
Eurycea guttolineata 
    Electromechanical Delay (s) 0.016±0.002 0.009/0.027 (12) 0.009±0.001 0.006/0.015 (12) 
P0 (N) 0.056±0.006 0.017/0.073 (12) 0.068±0.006 0.03/0.095 (12) 
Time to 90% P0 (s) 0.085±0.004 0.06/0.098 (12) 0.053±0.002 0.04/0.068 (12) 
Time to 50% P0 (s) 0.034±0.001 0.026/0.043 (12) 0.024±0.001 0.019/0.028 (12) 
Average Rate 90% (N s-1) 0.618±0.076 0.16/1.088 (12) 1.187±0.138 0.492/2.094 (12) 
Peak Rate 50% (N s-1) 1.226±0.15 0.275/1.998 (12) 2.23±0.263 0.862/3.834 (12) 
Average Rate 50% (N s-1) 0.873±0.105 0.199/1.448 (12) 1.489±0.169 0.586/2.606 (12) 
Time to Relax to 50% (s) 0.199±0.019 0.123/0.296 (12) 0.127±0.011 0.084/0.191 (12) 
Peak Relax 50% (N s
-1) -0.28±0.023 -0.388/-0.157 (12) -0.567±0.072 -1.133/-0.29 (12) 
Average Relax 50% (N s-1) -0.143±0.016 -0.229/-0.063 (12) -0.272±0.029 -0.473/-0.162 (12) 
Specific Tension (N cm-2) 12.537±1.346 4.061/17.87 (12) 15.112±1.344 7.426/19.649 (12) 
Average Rate 90% and Average Rate 50% are the average rate of force development measured from start of stimulation to time of 
90 and 50% of P0, respectively. Peak Rate 50% is the peak rate of force development measured from start of stimulation to time of 
50% P0. Peak Relax 50% and Average Relax 50% are the peak and average rates of force decline measured from the end of 
stimulation to the time where force had declined to 50% of P0.  
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Table A2 (continued) 
  15°C 20°C 
  Mean±SEM Min/Max (N) Mean±SEM Min/Max (N) 
Ensatina eschscholtzii 
    
Electromechanical Delay (s) 0.006±0 0.002/0.009 (16) 0.006±0.001 0.002/0.011 (11) 
P0 (N) 0.346±0.034 0.096/0.601 (16) 0.275±0.035 0.099/0.425 (11) 
Time to 90% P0 (s) 0.066±0.002 0.057/0.087 (16) 0.055±0.002 0.041/0.073 (11) 
Time to 50% P0 (s) 0.033±0.001 0.024/0.046 (16) 0.026±0.001 0.021/0.032 (11) 
Average Rate 90% (N s-1) 2.387±0.254 0.648/3.879 (16) 2.266±0.314 0.59/3.678 (11) 
Peak Rate 50% (N s-1) 3.969±0.471 1.052/6.566 (16) 3.768±0.6 1.127/6.731 (11) 
Average Rate 50% (N s-1) 2.843±0.34 0.621/4.792 (16) 2.717±0.4 0.853/4.951 (11) 
Time to Relax to 50% (s) 0.123±0.005 0.084/0.155 (16) 0.1±0.006 0.072/0.134 (11) 
Peak Relax 50% (N s
-1) -1.307±0.177 -2.546/-0.267 (16) -1.006±0.103 -1.451/-0.402 (11) 
Average Relax 50% (N s-1) -0.612±0.072 -1.257/-0.152 (16) -0.528±0.056 -0.772/-0.248 (11) 
Specific Tension (N cm-2) 12.038±1.261 3.596/18.804 (16) 10.047±1.833 3.693/18.914 (11) 
Desmognathus quadramaculatus 
    Electromechanical Delay (s) 0.004±0 0.003/0.006 (18) 0.003±0 0.002/0.004 (16) 
P0 (N) 0.303±0.014 0.206/0.411 (18) 0.3±0.017 0.197/0.433 (16) 
Time to 90% P0 (s) 0.062±0.003 0.049/0.089 (18) 0.065±0.01 0.042/0.18 (16) 
Time to 50% P0 (s) 0.026±0.001 0.018/0.035 (18) 0.021±0.001 0.015/0.026 (16) 
Average Rate 90% (N s-1) 2.264±0.152 1.079/3.148 (18) 2.505±0.262 0.615/4.243 (16) 
Peak Rate 50% (N s-1) 3.863±0.242 1.862/5.196 (18) 4.807±0.354 2.368/6.708 (16) 
Average Rate 50% (N s-1) 2.969±0.177 1.549/3.944 (18) 3.697±0.268 1.881/5.094 (16) 
Time to Relax to 50% (s) 0.187±0.01 0.129/0.275 (18) 0.155±0.015 0.065/0.297 (16) 
Peak Relax 50% (N s
-1) -0.709±0.055 -1.222/-0.364 (18) -0.79±0.054 -1.129/-0.403 (16) 
Average Relax 50% (N s-1) -0.38±0.021 -0.594/-0.259 (18) -0.468±0.028 -0.69/-0.29 (16) 
Specific Tension (N cm-2) 9.876±0.555 5.695/14.583 (18) 9.839±0.638 6.074/15.361 (16) 
Eurycea guttolineata 
    Electromechanical Delay (s) 0.006±0 0.003/0.012 (25) 0.003±0 0.002/0.005 (12) 
P0 (N) 0.073±0.005 0.022/0.1 (25) 0.083±0.007 0.038/0.114 (12) 
Time to 90% P0 (s) 0.039±0.002 0.028/0.061 (25) 0.03±0.002 0.024/0.039 (12) 
Time to 50% P0 (s) 0.019±0.001 0.014/0.027 (25) 0.015±0.001 0.012/0.018 (12) 
Average Rate 90% (N s-1) 1.738±0.145 0.497/3.133 (25) 2.516±0.257 1.315/4.168 (12) 
Peak Rate 50% (N s-1) 3.122±0.266 0.778/5.632 (25) 4.583±0.482 2.304/7.786 (12) 
Average Rate 50% (N s-1) 2.068±0.162 0.552/3.36 (25) 2.883±0.271 1.422/4.689 (12) 
Time to Relax to 50% (s) 0.076±0.004 0.05/0.122 (25) 0.049±0.005 0.027/0.084 (12) 
Peak Relax 50% (N s
-1) -0.9±0.076 -1.533/-0.234 (25) -1.517±0.185 -2.358/-0.677 (12) 
Average Relax 50% (N s-1) -0.443±0.035 -0.717/-0.128 (25) -0.741±0.086 -1.18/-0.326 (12) 
Specific Tension (N cm-2) 16.247±1.079 5.327/24.247 (25) 18.308±1.565 9.407/23.782 (12) 
Average Rate 90% and Average Rate 50% are the average rate of force development measured from start of stimulation to time of 
90 and 50% of P0, respectively. Peak Rate 50% is the peak rate of force development measured from start of stimulation to time of 
50% P0. Peak Relax 50% and Average Relax 50% are the peak and average rates of force decline measured from the end of 
stimulation to the time where force had declined to 50% of P0. 
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Table A2 (continued) 
  25°C 
  Mean±SEM Min/Max (N) 
Ensatina eschscholtzii 
  
Electromechanical Delay (s) 0.004±0.001 0.002/0.007 (7) 
P0 (N) 0.23±0.042 0.108/0.385 (7) 
Time to 90% P0 (s) 0.044±0.002 0.037/0.049 (7) 
Time to 50% P0 (s) 0.022±0.001 0.019/0.024 (7) 
Average Rate 90% (N s-1) 2.261±0.391 1.206/3.78 (7) 
Peak Rate 50% (N s-1) 3.576±0.723 1.616/6.294 (7) 
Average Rate 50% (N s-1) 2.639±0.517 1.304/4.663 (7) 
Time to Relax to 50% (s) 0.093±0.005 0.078/0.108 (7) 
Peak Relax 50% (N s
-1) -0.793±0.121 -1.26/-0.514 (7) 
Average Relax 50% (N s-1) -0.488±0.063 -0.742/-0.336 (7) 
Specific Tension (N cm-2) 9.351±2.601 2.858/17.168 (7) 
Desmognathus quadramaculatus 
  Electromechanical Delay (s) 0.003±0 0.001/0.007 (18) 
P0 (N) 0.283±0.019 0.155/0.426 (18) 
Time to 90% P0 (s) 0.167±0.021 0.04/0.271 (18) 
Time to 50% P0 (s) 0.02±0.001 0.014/0.031 (18) 
Average Rate 90% (N s-1) 1.269±0.272 0.29/3.769 (18) 
Peak Rate 50% (N s-1) 4.918±0.393 2.434/7.172 (18) 
Average Rate 50% (N s-1) 3.659±0.304 1.871/5.312 (18) 
Time to Relax to 50% (s) 0.14±0.012 0.08/0.225 (18) 
Peak Relax 50% (N s
-1) -0.769±0.052 -1.115/-0.5 (18) 
Average Relax 50% (N s-1) -0.514±0.028 -0.705/-0.363 (18) 
Specific Tension (N cm-2) 8.938±0.601 4.944/14 (18) 
Eurycea guttolineata 
  Electromechanical Delay (s) 0.002±0 0.001/0.003 (10) 
P0 (N) 0.077±0.008 0.024/0.104 (12) 
Time to 90% P0 (s) 0.029±0.004 0.019/0.07 (12) 
Time to 50% P0 (s) 0.017±0.004 0.01/0.059 (12) 
Average Rate 90% (N s-1) 2.731±0.374 0.311/4.866 (12) 
Peak Rate 50% (N s-1) 4.967±0.578 1.597/8.539 (12) 
Average Rate 50% (N s-1) 3.082±0.42 0.215/5.35 (12) 
Time to Relax to 50% (s) 0.035±0.003 0.021/0.051 (12) 
Peak Relax 50% (N s
-1) -1.765±0.236 -2.999/-0.278 (12) 
Average Relax 50% (N s-1) -0.9±0.119 -1.485/-0.143 (12) 
Specific Tension (N cm-2) 17.239±1.928 5.845/23.884 (12) 
Average Rate 90% and Average Rate 50% are the average rate of force development measured from start of stimulation to time of 
90 and 50% of P0, respectively. Peak Rate 50% is the peak rate of force development measured from start of stimulation to time of 
50% P0. Peak Relax 50% and Average Relax 50% are the peak and average rates of force decline measured from the end of 
stimulation to the time where force had declined to 50% of P0. 
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Table B1. Mean, minimum, and maximum values of contractile variables for isometric (P0, peak and average rates of force 
development), force-velocity characteristics, and isotonic contractions (work, power, and velocity) at each temperature. 
 
 
9°C 13°C 17°C 21°C 25°C 
Variable 
Mean 
±SEM 
Min/Max 
(N) 
Mean 
±SEM 
Min/Max 
(N) 
Mean 
±SEM 
Min/Max 
(N) 
Mean 
±SEM 
Min/Max 
(N) 
Mean 
±SEM 
Min/Max 
(N) 
P0 (N) 
5.77 
±0.54 
3.34/7.48 
(8) 
6.78 
±0.52 
4.62/8.97 
(8) 
7.18 
±0.55 
4.69/9.77 
(8) 
7.87 
±0.57 
5.83/10.29 
(8) 
8.33 
±0.71 
5.62/10.22 
(8) 
Peak rate of force (N s-1) 
0.018 
±0 
0.012/0.022 
(8) 
0.031 
±0.001 
0.023/0.037 
(8) 
0.042 
±0.002 
0.034/0.052 
(8) 
0.053 
±0.002 
0.044/0.066 
(8) 
0.068 
±0.003 
0.049/0.083 
(8) 
Average Rate of force (N s-1) 
0.0045 
±0.0013 
0.0022/0.0057 
(8) 
0.01 
±0 
0.004/0.0106 
(8) 
0.01 
±0 
0.0034/0.0194 
(8) 
0.01 
±0 
0.0067/0.0226 
(8) 
0.0165 
±0.006 
0.008/0.027 
(8) 
Wmax (W kg-1) 
51.4 
±5.3 
27.9/68.8 
(7) 
97.8 
±7.4 
71.5/130.9 
(8) 
149.6 
±17.2 
96/209.8 
(8) 
187.2 
±14.3 
128.3/240.1 
(8) 
237.7 
±21.2 
171.7/327.5 
(6) 
Vpower (% Vmax) 
38.18 
±0.53 
35.89/40.27 
(7) 
38.51 
±0.8 
35.25/41.43 
(8) 
38.31 
±1.06 
32.74/41.75 
(8) 
38.44 
±2.71 
29.8/55.24 
(8) 
32.8 
±2.78 
21.25/38.69 
(6) 
Load of Power (%P0) 
31.14 
±0.4 
30/33 
(7) 
35.5 
±1.09 
32/40 
(8) 
36.38 
±2.66 
22/49 
(8) 
39.88 
±1.54 
35/48 
(8) 
46.33 
±4.9 
36/67 
(6) 
Load of Power (N) 
1.79 
±0.16 
1.07/2.29 
(7) 
2.41 
±0.21 
1.85/3.34 
(8) 
2.79 
±0.34 
1.74/4.79 
(8) 
3.16 
±0.3 
2.27/4.5 
(8) 
3.96 
±0.69 
2.08/6.85 
(6) 
Power Ratio 
0.12 
±0 
0.11/0.12 
(7) 
0.14 
±0 
0.13/0.16 
(8) 
0.14 
±0.01 
0.09/0.16 
(8) 
0.15 
±0.01 
0.13/0.22 
(8) 
0.15 
±0.01 
0.13/0.17 
(6) 
Vmax (L0 s
-1) 
0.68 
±0.03 
0.6/0.8 
(7) 
0.97 
±0.04 
0.85/1.16 
(8) 
1.29 
±0.06 
1.11/1.62 
(8) 
1.46 
±0.08 
1.13/1.77 
(8) 
1.86 
±0.08 
1.55/2.16 
(6) 
10 % P0           
Average Velocity (L0 s
-1) 
0.16 
±0.01 
0.11/0.23 
(8) 
0.27 
±0.02 
0.19/0.35 
(8) 
0.38 
±0.02 
0.27/0.46 
(8) 
0.48 
±0.03 
0.36/0.56 
(8) 
0.57 
±0.03 
0.43/0.68 
(8) 
Peak Velocity (L0 s
-1) 
0.48 
±0.02 
0.38/0.59 
(8) 
0.71 
±0.04 
0.54/0.9 
(8) 
0.93 
±0.05 
0.73/1.16 
(8) 
1.15 
±0.06 
0.88/1.39 
(8) 
1.35 
±0.09 
0.84/1.61 
(8) 
Average Power (W kg-1) 
4.9 
±0.8 
2.7/8 
(7) 
18.4 
±2.9 
7/28.7 
(8) 
29 
±3.9 
14.2/40.8 
(8) 
36 
±3.2 
22.9/46.4 
(8) 
39.4 
±4.2 
17.1/58.9 
(8) 
Peak Power (W kg-1) 
15 
±1.9 
6.4/22 
(8) 
46.8 
±7.1 
20.1/74.2 
(8) 
70.3 
±9.3 
34.4/100.5 
(8) 
85.3 
±7.8 
52.7/113.4 
(8) 
91.8 
±12 
28.4/141.4 
(8) 
Work (J kg-1) 
11.4 
±0.89 
8.8/15.82 
(8) 
16.02 
±1.69 
8.64/22.43 
(8) 
17.04 
±1.97 
8.22/23.82 
(8) 
14.46 
±1.39 
7.71/20 
(8) 
8.28 
±0.97 
2.78/10.97 
(8) 
20% P0 
          
Average Velocity (L0 s
-1) 
0.11 
±0.01 
0.08/0.14 
(8) 
0.2 
±0.01 
0.15/0.26 
(8) 
0.3 
±0.02 
0.23/0.37 
(8) 
0.39 
±0.02 
0.31/0.46 
(8) 
0.47 
±0.03 
0.32/0.59 
(8) 
Peak Velocity (L0 s
-1) 
0.32 
±0.02 
0.27/0.39 
(8) 
0.53 
±0.03 
0.41/0.67 
(8) 
0.73 
±0.04 
0.58/0.91 
(8) 
0.92 
±0.05 
0.69/1.11 
(8) 
1.1 
±0.09 
0.63/1.4 
(8) 
Average Power (W kg-1) 
15.4 
±1.4 
10/23.6 
(8) 
31.5 
±3.9 
16/46.5 
(8) 
44 
±4.8 
25.7/60.6 
(8) 
52.8 
±4.2 
37.4/69.5 
(8) 
58.1 
±5.2 
33.8/85.4 
(8) 
Peak Power (W kg-1) 
43.1 
±3 
32.8/58.6 
(8) 
79.7 
±9.5 
44.1/114.1 
(8) 
107.8 
±11.7 
62.3/146.8 
(8) 
127.4 
±10.6 
85.7/172.2 
(8) 
138.7 
±14.4 
70.8/208.3 
(8) 
Work (J kg-1) 
18.44 
±1.87 
11.81/27.82 
(8) 
24.17 
±2.76 
12.66/35.89 
(8) 
26.3 
±2.95 
13.41/38.75 
(8) 
24.83 
±2.33 
14.06/36.39 
(8) 
19.76 
±1.61 
14.62/28.83 
(8) 
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Table B1 (continued)     
 
9°C 13°C 17°C 21°C 25°C 
Variable 
Mean 
±SEM 
Min/Max 
(N) 
Mean 
±SEM 
Min/Max 
(N) 
Mean 
±SEM 
Min/Max 
(N) 
Mean 
±SEM 
Min/Max 
(N) 
Mean 
±SEM 
Min/Max 
(N) 
30% P0           
Average Velocity (L0 s
-1) 
0.06 
±0.01 
0.04/0.1 
(8) 
0.15 
±0.01 
0.12/0.21 
(8) 
0.23 
±0.01 
0.19/0.3 
(8) 
0.31 
±0.02 
0.24/0.38 
(8) 
0.38 
±0.03 
0.24/0.51 
(8) 
Peak Velocity (L0 s
-1) 
0.2 
±0.01 
0.16/0.25 
(8) 
0.39 
±0.02 
0.3/0.49 
(8) 
0.56 
±0.03 
0.46/0.7 
(8) 
0.73 
±0.04 
0.54/0.89 
(8) 
0.89 
±0.08 
0.47/1.22 
(8) 
Average Power (W kg-1) 
21.8 
±2.1 
13.7/32.8 
(8) 
39.7 
±4.5 
22/57.9 
(8) 
54 
±5.3 
34/74.1 
(8) 
64.7 
±4.9 
48.3/85.6 
(8) 
71.8 
±6.1 
45.2/104.8 
(8) 
Peak Power (W kg-1) 
59.2 
±4.7 
39.1/79.9 
(8) 
100.4 
±11.1 
57.2/140.8 
(8) 
133.1 
±13.1 
81.1/179 
(8) 
157.4 
±12.4 
110.8/213.4 
(8) 
173.3 
±16.7 
100/257.6 
(8) 
Work (J kg-1) 
22.57 
±2.65 
13.32/35.18 
(8) 
29.41 
±3.49 
15.34/44.72 
(8) 
32.64 
±3.6 
17.26/49.04 
(8) 
32.28 
±2.97 
19.08/48.15 
(8) 
28.32 
±2.3 
20.81/42.06 
(8) 
40% P0 
          
Average Velocity (L0 s
-1) 
0.03 
±0.01 
0.01/0.06 
(8) 
0.11 
±0.01 
0.09/0.16 
(8) 
0.18 
±0.01 
0.15/0.23 
(8) 
0.24 
±0.01 
0.19/0.3 
(8) 
0.31 
±0.03 
0.18/0.43 
(8) 
Peak Velocity (L0 s
-1) 
0.11 
±0.01 
0.07/0.16 
(8) 
0.28 
±0.02 
0.21/0.36 
(8) 
0.43 
±0.02 
0.35/0.54 
(8) 
0.58 
±0.04 
0.43/0.75 
(8) 
0.72 
±0.07 
0.34/1.05 
(8) 
Average Power (W kg-1) 
23.3 
±2.4 
14.3/35.3 
(8) 
43 
±4.7 
25/62.6 
(8) 
59.2 
±5.4 
39.3/81.1 
(8) 
71.7 
±5.1 
55.7/94.8 
(8) 
80.6 
±6.8 
51.4/117.3 
(8) 
Peak Power (W kg-1) 
63 
±5.5 
37.4/85.8 
(8) 
108.9 
±11.6 
61.8/152.2 
(8) 
146.3 
±13.5 
92/195.9 
(8) 
175.3 
±13.2 
128/237 
(8) 
195.8 
±18.5 
116.2/289.2 
(8) 
Work (J kg-1) 
23.78 
±3.11 
13.5/37.91 
(8) 
31.72 
±3.86 
16.68/48.91 
(8) 
36.07 
±3.9 
19.77/54.7 
(8) 
36.82 
±3.28 
22.76/55.28 
(8) 
33.97 
±2.79 
25.65/50.64 
(8) 
50% P0           
Average Velocity (L0 s
-1) 
0.02 
±0 
0/0.03 
(7) 
0.08 
±0.01 
0.06/0.11 
(8) 
0.14 
±0.01 
0.12/0.18 
(8) 
0.19 
±0.01 
0.15/0.25 
(8) 
0.24 
±0.03 
0.12/0.37 
(8) 
Peak Velocity (L0 s
-1) 
0.06 
±0.01 
0.01/0.09 
(8) 
0.2 
±0.02 
0.14/0.26 
(8) 
0.33 
±0.02 
0.26/0.41 
(8) 
0.45 
±0.03 
0.34/0.62 
(8) 
0.57 
±0.07 
0.24/0.9 
(8) 
Average Power (W kg-1) 
19.7 
±2.6 
10.7/31.4 
(8) 
41.3 
±4.6 
24.4/60.9 
(8) 
59.3 
±5.1 
40.7/81.6 
(8) 
73.7 
±5 
59.6/97 
(8) 
84.4 
±7.4 
52.3/122.9 
(8) 
Peak Power (W kg-1) 
54.7 
±5.8 
27.9/76.4 
(8) 
105.2 
±11.1 
58.6/148.3 
(8) 
147.3 
±12.8 
95/197.4 
(8) 
181 
±13.1 
137.3/242.9 
(8) 
206.2 
±19.9 
119.2/303.2 
(8) 
Work (J kg-1) 
22.07 
±3.24 
11.55/36 
(8) 
31.13 
±3.88 
16.69/48.46 
(8) 
36.59 
±3.84 
20.94/55.72 
(8) 
38.44 
±3.27 
25.1/57.76 
(8) 
36.7 
±3.12 
29.16/54.6 
(8) 
60% P0           
Average Velocity (L0 s
-1) 
0.01 
±0 
0/0.01 
(4) 
0.05 
±0.01 
0.04/0.08 
(8) 
0.1 
±0.01 
0.08/0.13 
(8) 
0.14 
±0.01 
0.11/0.2 
(8) 
0.18 
±0.03 
0.08/0.31 
(8) 
Peak Velocity (L0 s
-1) 
0.03 
±0.01 
0/0.05 
(7) 
0.14 
±0.01 
0.08/0.2 
(8) 
0.25 
±0.02 
0.19/0.31 
(8) 
0.35 
±0.03 
0.27/0.51 
(8) 
0.44 
±0.07 
0.15/0.76 
(8) 
Average Power (W kg-1) 
13 
±2.6 
2.8/20.9 
(7) 
34.7 
±4.1 
19.2/52.6 
(8) 
54.5 
±4.4 
38.3/75.5 
(8) 
70.8 
±4.7 
57.6/92.2 
(8) 
83.3 
±8 
48/121.4 
(8) 
Peak Power (W kg-1) 
34.3 
±6.1 
10/51.6 
(8) 
89.5 
±9.9 
47.4/128.9 
(8) 
136.2 
±11 
90.2/183.5 
(8) 
174.5 
±12.2 
136.8/231.2 
(8) 
204.4 
±21.1 
109.2/299.6 
(8) 
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Table B1 (continued)     
 
9°C 13°C 17°C 21°C 25°C 
Variable 
Mean 
±SEM 
Min/Max 
(N) 
Mean 
±SEM 
Min/Max 
(N) 
Mean 
±SEM 
Min/Max 
(N) 
Mean 
±SEM 
Min/Max 
(N) 
Mean 
±SEM 
Min/Max 
(N) 
Work (J kg-1) 
17.45 
±3.07 
6.28/29.45 
(8) 
27.61 
±3.54 
15.36/43.38 
(8) 
34.18 
±3.43 
20.78/52.11 
(8) 
37.15 
±2.98 
26.1/55.62 
(8) 
36.52 
±3.39 
28.52/53.92 
(8) 
70% P0           
Average Velocity (L0 s
-1) 
0 
±0 
0/0 
(2) 
0.04 
±0.01 
0.02/0.06 
(8) 
0.07 
±0 
0.06/0.09 
(8) 
0.1 
±0.01 
0.07/0.16 
(8) 
0.13 
±0.02 
0.04/0.25 
(8) 
Peak Velocity (L0 s
-1) 
0.02 
±0.01 
0/0.04 
(4) 
0.1 
±0.01 
0.04/0.16 
(8) 
0.18 
±0.01 
0.13/0.23 
(8) 
0.26 
±0.03 
0.17/0.41 
(8) 
0.33 
±0.06 
0.07/0.64 
(8) 
Average Power (W kg-1) 
4.3 
±1.5 
1.2/8.2 
(4) 
23.2 
±3.5 
10.6/37.8 
(8) 
44.8 
±3.4 
32.5/62.8 
(8) 
62.9 
±4.2 
46/80.4 
(8) 
77.3 
±8.6 
38.4/113 
(8) 
Peak Power (W kg-1) 
11.9 
±2.9 
3.7/22.4 
(6) 
61.5 
±8.3 
28.4/94.2 
(8) 
112.9 
±8.4 
77.4/154.3 
(8) 
155.9 
±11 
110.9/201.9 
(8) 
190.4 
±22.5 
86.1/278.4 
(8) 
Work (J kg-1) 
11.49 
±2.48 
0.69/18.27 
(7) 
21.18 
±2.88 
11.82/33.67 
(8) 
28.86 
±2.69 
19.28/43.85 
(8) 
32.94 
±2.54 
25.77/48.83 
(8) 
33.42 
±3.79 
21.55/48.6 
(8) 
80% P0           
Average Velocity (L0 s
-1) 
0.01 
±0 
0/0.01 
(2) 
0.02 
±0.01 
0/0.05 
(8) 
0.05 
±0 
0.04/0.07 
(8) 
0.07 
±0.01 
0.03/0.12 
(8) 
0.1 
±0.03 
0/0.21 
(7) 
Peak Velocity (L0 s
-1) 
0.03 
±0.02 
0.01/0.05 
(2) 
0.06 
±0.01 
0.01/0.11 
(8) 
0.13 
±0.01 
0.08/0.17 
(8) 
0.18 
±0.02 
0.08/0.32 
(8) 
0.27 
±0.06 
0.02/0.53 
(7) 
Average Power (W kg-1) -- -- 
11.3 
±1.8 
5.9/16.6 
(6) 
30.2 
±2.5 
23.1/43.7 
(8) 
50 
±4.1 
29.4/62.2 
(8) 
66.3 
±9.5 
23.5/97.6 
(8) 
Peak Power (W kg-1) -- -- 
27.6 
±5.8 
1.5/46.7 
(7) 
77.5 
±6 
56.7/109.7 
(8) 
125.1 
±10.6 
73.3/155 
(8) 
164.3 
±24.4 
49.9/239.5 
(8) 
Work (J kg-1) 
3.29 
±1.01 
0.83/6.91 
(5) 
11.84 
±1.97 
4.13/19.32 
(8) 
20.63 
±1.71 
15.44/30.97 
(8) 
25.82 
±2.31 
18.46/37.41 
(8) 
27.4 
±4.51 
10.9/44.23 
(8) 
90% P0 
          
Average Velocity (L0 s
-1) 
0.01 
±0 
0/0.02 
(3) 
0.02 
±0 
0/0.03 
(7) 
0.03 
±0 
0.02/0.04 
(8) 
0.04 
±0.01 
0.01/0.09 
(7) 
0.07 
±0.02 
0/0.17 
(6) 
Peak Velocity (L0 s
-1) 
0.03 
±0.02 
0.01/0.05 
(2) 
0.04 
±0.01 
0.01/0.05 
(7) 
0.07 
±0.01 
0.04/0.1 
(8) 
0.11 
±0.03 
0/0.24 
(8) 
0.21 
±0.06 
0.04/0.43 
(6) 
Average Power (W kg-1) -- -- -- -- 
12.7 
±2.3 
1.5/19.5 
(7) 
32.3 
±5 
7.8/49.3 
(8) 
50.4 
±10.9 
3.4/82.7 
(8) 
Peak Power (W kg-1) -- -- -- -- 
34.8 
±5.7 
10.1/53.1 
(7) 
82.2 
±12.3 
24/127.1 
(8) 
126 
±27.3 
0.6/211.5 
(8) 
Work (J kg-1) -- -- 
1.89 
±0.69 
0.33/3.76 
(5) 
9.48 
±1.18 
4.74/13.45 
(8) 
15.78 
±2.87 
3.83/25.71 
(8) 
21.6 
±5.47 
0.06/40.24 
(7) 
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Table B2. Regression results from statistical models of additional contractile variables. Analyses 
included temperature as a continuous variable and individual as a random factor. For each 
variable, separate analyses were run for the entire temperature range and for three overlapping 
eight-degree temperature intervals: 9 to 17°C, 13 to 21°C, and 17 to 25°C. The (partial) 
regression coefficients from each regression were transformed into temperature coefficients (Q10) 
using the following equation: Q10 = 10
(regression coefficient*10). Temperature coefficients were 
considered significantly different from 1 if based on a regression coefficient with P-value < 0.05. 
 
9-17°C 13-17°C 17-25°C 9-25°C 
Variable Coef. P-value Q10 Coef. P-value Q10 Coef. P-value Q10 Coef. P-value Q10 
10% P0             
Average Velocity 0.046 <0.001 2.86 0.031 <0.001 2.02 0.023 <0.001 1.68 0.033 <0.001 2.16 
Average Power 0.094 <0.001 8.76 0.040 <0.001 2.54 0.018 0.042 1.52 0.053 <0.001 3.37 
20% P0             
Average Velocity 0.056 <0.001 3.64 0.035 <0.001 2.22 0.024 <0.001 1.75 0.039 <0.001 2.46 
Average Power 0.056 <0.001 3.62 0.030 <0.001 2.00 0.016 0.011 1.45 0.035 <0.001 2.23 
30% P0             
Average Velocity 0.071 <0.001 5.17 0.039 <0.001 2.47 0.026 <0.001 1.83 0.047 <0.001 2.94 
Average Power 0.049 <0.001 3.08 0.028 <0.001 1.91 0.016 0.004 1.45 0.032 <0.001 2.07 
40% P0             
Average Velocity 0.097 <0.001 9.40 0.044 <0.001 2.77 0.028 <0.001 1.90 0.059 <0.001 3.88 
Average Power 0.051 <0.001 3.25 0.029 <0.001 1.97 0.017 0.002 1.48 0.033 <0.001 2.15 
50% P0 
            
Average Velocity 0.127 <0.001 18.81 0.050 <0.001 3.14 0.029 <0.001 1.94 0.071 <0.001 5.16 
Average Power 0.062 <0.001 4.14 0.033 <0.001 2.14 0.019 0.001 1.55 0.039 <0.001 2.45 
60% P0             
Average Velocity 0.152 <0.001 33.44 0.055 <0.001 3.56 0.029 <0.001 1.93 0.076 <0.001 5.70 
Average Power 0.085 <0.001 7.09 0.041 <0.001 2.55 0.022 0.001 1.67 0.050 <0.001 3.18 
70% P0             
Average Velocity 0.148 <0.001 29.91 0.061 <0.001 4.05 0.025 0.016 1.77 0.067 <0.001 4.62 
Average Power 0.130 <0.001 19.93 0.058 <0.001 3.83 0.028 <0.001 1.89 0.068 <0.001 4.83 
80% P0             
Average Velocity 0.133 0.008 21.50 0.086 0.007 7.18 0.005 0.836 1.13 0.059 0.005 3.88 
Average Power 0.115 <0.001 14.14 0.082 <0.001 6.54 0.038 <0.001 2.42 0.060 <0.001 3.96 
90% P0 
            
Average Velocity 0.080 0.023 6.26 0.064 0.023 4.39 0.004 0.912 1.09 0.041 0.041 2.56 
Average Power 0.207 0.009 116.17 0.108 0.001 12.07 0.061 0.003 4.07 0.061 0.003 4.07 
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Figure B1. Interaction of temperature and force on additional contractile properties. Actual (A) 
and interpolated (B) values of average contractile velocity increase at high temperatures and low 
forces. Actual (D) and interpolated (E) values of muscle-mass-specific average power increase 
with greater temperature and at intermediate forces. Interpolated values were found by fitting 
temperature-force surfaces that included either a quadratic equation for relative force for power 
(E), or a cubic polynomial equation for relative force in surfaces of velocity (B). Temperature 
coefficients (Q10s) for average velocity (C) and average power (F) were calculated as in Fig. 3.2. 
Random jitter was added to plots of actual values to improve visualization of the data. Note that 
fitted surfaces in B, D are based on combined data from all muscles to allow visualization of the 
general temperature-force effects on contractile properties. Separate surfaces were fit for each 
individual muscle (not shown) to extract values used for statistical analyses. 
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